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ABSTRACT
While having been successfully used for soil compaction for many years, intelligent
compaction (IC) technology is still relatively new for asphalt pavement construction. The
potential of using intelligent compaction meter value (ICMV) for evaluating the
compaction of asphalt pavements has been hindered by the fact that ICMV can be affected
by many factors, which include not only roller operation parameters, but also the
temperature of asphalt layer and the underlying support. Therefore, further research is
necessary to improve the application of IC for the asphalt compaction. In this study, the
feasibility of IC for asphalt compaction was evaluated from many aspects. Based on that,
a laboratory IC technology for evaluating asphalt mixture compaction in the laboratory was
also developed.
In this study, one field project for soil compaction was constructed using IC
technology, and a strong and stable linear relationship between ICMV and deflection could
be identified when the water content of soil was consistent. After that, more field projects
for asphalt compaction were constructed using the IC asphalt roller. The density of asphalt,
as the most critical parameter for asphalt layers, along with other parameters, were
measured and correlated with the ICMVs. Various factors such as asphalt temperature and
the underlying support were considered in this study to improve the correlation between
the density and ICMV. Based upon the results of correlation analyses, three IC parameters
were recommended for evaluating the compaction quality of resurfacing project. In
addition, the geostatistical analyses were performed to evaluate the spatial uniformity of
compaction, and the cost-benefit analysis was included to demonstrate the economic
benefits of IC technology.
Based on the test results of field projects, the IC indices were further utilized to
quantify the lab vibratory compaction for paving materials. The compaction processes in
the laboratory was monitored by accelerometers. Using Discrete-Time Fourier Transform,
the recorded data during compaction were analyzed to evaluate the compactability of
paving materials and to further correlate to the field compaction.
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CHAPTER ONE
INTRODUCTION AND GENERAL INFORMATION

1

1.1 Research Background
1.1.1 Introduction
Compaction is one of the key processes to acquire a desired long-term pavement
performance, especially for hot-mix asphalt (HMA) layers. Conventional compaction
methods have reasonably worked to achieve the target compaction level of asphalt
materials over the past decades. However, there are some long existing and nontrivial
shortcomings. Typically, in a conventional compaction method, a static or vibratory load
is applied via a roller to the material being compacted for a certain number of passes. A
uniform roller pattern covering an entire lane is not an easy task to achieve because rollers
are manually controlled by roller operators, and even a uniform fixed number of passes
cannot guarantee a uniform compaction level, since many other critical factors, such as
changes in the underlying support, or non-uniform temperatures in HMA, also affect the
degree of compaction. Unfortunately, these critical factors are invisible to roller operators
sitting on a conventional roller compactor. Therefore, no timely adjustment can be made
to avoid potential over-compaction or under-compaction issue.
For asphalt pavements, achieving a uniform and desired density has been adopted
as the criteria for quality control (QC) and assurance (QA) over the years (1). Typically,
some spot tests, either core-drilling or nuclear gauge test (NG), are performed at limited
points after compaction and the results are extended to determine whether the entire asphalt
layer has achieved the required compaction level. According to how the density is acquired
using these conventional methods, some long existing shortcomings are inevitable. The
spot tests are only performed at limited locations. As mentioned above, the changes in the
critical factors affecting compaction may compromise the representativeness of these spot
tests performed at limited locations. Also, merely using asphalt layer density as the
acceptance criterion does not ensure the required stiffness and/or strength of the particular
layer, or the quality of entire pavement structure to withstand traffic loading. Further, even
if the point tests could identify the unsatisfied area successfully, a remedial action is either
impossible or expensive since the compaction procedure is already over.
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During the past decade, a new compaction technology – Intelligent Compaction
(IC) – has gained attention in the asphalt paving industry. According to the Federal
Highway Administration (FHWA), IC refers to an improved compaction process using
rollers equipped with an integrated measurement system including a highly accurate Global
Positioning System (GPS), accelerometers, onboard computer reporting system, and
infrared thermometers (2). With the IC technique, some critical factors affecting
compaction, such as roller passes and temperature, are made visible to roller operators in
real time with color-coded displays. Therefore, there is a potential to improve the quality
and uniformity of asphalt layers by making a timely adjustment to the compaction pattern.
The IC technology may also overcome the shortcomings of conventional QC/QA methods
in two aspects: First, it can 100% cover the compacted area compared to limited test spots
in conventional compaction; second, the IC measurement value (ICMV) can serve as an
index to evaluate the stiffness or strength of pavement to a certain depth (3; 4). Figure 1.1
shows some IC rollers adopted in this research both in Tennessee, USA and Shanxi
province, China.

(a) Crockett County, TN

(b) Knox County, TN

(c) Davidson County, TN

(d) Shanxi province, China

Figure 1.1. IC rollers for soil and asphalt compaction
3

1.1.2 History of IC
IC technology, also referred to as Continuous Compaction Control (CCC), was initiated in
Europe for soil compaction in the 1970s and has been used since then (4). Now, a growing
number of IC rollers are also used in asphalt compaction. Dr. Heinz Thurner performed the
initial field studies on roller-integrated measurement in 1974 with a Dynapac vibratory
roller equipped with an accelerometer. The test results revealed that the ratio of the
amplitude of the first harmonic to the amplitude of the excitation frequency in the
frequency domain could be correlated to the degree of compaction and the stiffness of the
soil. In 1978, Dr. Thurner and his partner Åke Sandström developed the Compactometer
and the compaction meter value (CMV) (5; 6). Dynapac was the first company to offer the
CMV-based Compactometer in 1980, followed by many other roller manufacturers (e.g.,
Ammann, Caterpillar, and Ingersoll Rand). Bomag introduced the Omega value to provide
a continuous measure of compaction energy and served as the only alternative to CMV
during that time. The Omega value was replaced by a vibration modulus Evib later to
provide a measure of dynamic soil stiffness (7). Ammann introduced a similar soil stiffness
parameter ks in 1999 (8). In 2004, Sakai introduced the compaction control value (CCV)
and used the harmonic content from the measured drum vibration to estimate the
compaction degree, which was similar to CMV (9).
The term of IC has further evolved in recent years by introducing the servocontrolled eccentric excitation. The purpose of that is to improve roller performance and
compaction by adjusting the vibratory force amplitude and/or frequency automatically.
However, the effect of this technology is not well quantified.
1.1.3 Roller-integrated measurement systems
In the IC technology, various measurements are obtained during the compaction process,
including GPS roller position, speed, number of roller passes, surface temperature and
roller measurement values (MVs). A detailed evaluation about the compaction level and
uniformity can be obtained based on the collected data. The major manufacturers of IC
equipment incorporate various equipment-dependent roller measurement values (MVs) to
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reflect the compaction state of the underlying materials. Table 1.1 summarizes some
common MVs from the major equipment manufacturers.
As shown in Table 1.1, different vendors use different types of ICMV with the same
purpose of evaluating the level of compaction. These measurements are either based on
vibration frequency analysis or mechanical modeling. An IC roller usually has an
accelerometer mounted on its roller drum, which enables the IC roller to record the
machine–ground interaction data and simultaneously calculate the ICMV value as an index
relating to the material stiffness. In this research, the vibratory-based Compaction Meter
Value (CMV) was adopted as the main roller measurement value. Developed by
Geodynamik, CMV is a dimensionless compaction parameter that depends on roller
dimensions (i.e., drum diameter and weight) and roller operation parameters (e.g.,
frequency, amplitude, and speed) and is determined using the dynamic roller response (10).
Since the drum of a vibrating roller subjects the soil or pavement to periodic blows, which
is similar to a dynamic plate load test, a reasonable attempt is using the blows from the
cylindrical drum as a load test of soil or pavement. After evaluating this idea in numerous

Table 1.1. Roller Measurement or Machine Values, after (11; 12)
Manufacturer

Machine
value

Name

Description/ Notes

Ammann, Case ks

Stiffness

Drum-soil contact force/vertical drum displacement

Bomag

Evib

Caterpillar,
Dynapac,
Hamm, Volvo

CMV

Vibration
modulus
Compaction
Meter Value

MDP

Sakai

CCV

Drum-soil contact force/vertical drum displacement
[MN/m²]
In the frequency domain, ratio of vertical drum
acceleration amplitude at fundamental (operating)
vibration frequency and first harmonic. Depends on
roller dimensions, (i.e., drum diameter and weight) and
roller operation parameters (e.g., frequency, amplitude,
and speed). Dimensionless
Machine
Empirical
relationship
between
mechanical
Drive Power, performances of the roller to the properties of the
compacted soil. Dimensionless
Compaction
In the frequency domain, algebraic relationship of
Control Value multiple vertical drum vibration amplitudes includes
fundamental frequency and multiple harmonics
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field tests (13), the researchers found that there existed a significant relationship between
the ratio of the amplitude of the first harmonic to the amplitude of the fundamental
frequency of the roller drum and the compaction level achieved. It was also found that the
force amplitude ‘F’ of the blows is proportionate to the first harmonic of the vertical
acceleration of the drum, and the displacement ‘s’ during the blow can be expressed by the
amplitude of the double integral of the fundamental acceleration component. Therefore, a
“cylinder deformation modulus” Ec can be expressed as the ratio of the force to the
corresponding displacement as follows:
𝐹

𝐸𝑐 = 𝑐1 × 𝑆 = 𝐶2 × 𝜔2 ×

𝐴2𝛺
𝐴𝛺

(1-1)

where A2Ω=acceleration amplitude of the first harmonic component of the vibration
AΩ =acceleration amplitude of the fundamental component of the vibration
ω = fundamental angular frequency of the vibration
c1, c2 =constants
Based on that, the CMV is calculated as follows:
𝐶𝑀𝑉 = 𝐶 ×

𝐴2𝛺
𝐴𝛺

(1-2)

where C=constant (i.e. 300). Though the actual CMV varies for different rollers, a
standardized roller with a same setting can be used to assess the stiffness of the compaction
surface similar to an Falling Weight Deflectometer (FWD) equipment or a plate-bearing
test (14). The roller also measures the resonant meter value (RMV), which provides an
indication of the drum behavior. RMV is calculated as follows:
𝑅𝑀𝑉 = 𝐶 ×

𝐴0.5𝛺
𝐴𝛺

(1-3)

where A0.5Ω= subharmonic acceleration amplitude caused by jumping. Previous
experimental and numerical investigations (15) on roller-soil interaction identified five
different drum behavior modes. These modes depend on the nonlinearity of soil behavior
under vibration and roller operational settings (i.e., amplitude, frequency, and speed).
Theoretically, RMV=0 indicates that the drum is in a continuous contact. When RMV>0,
the drum enters a double jump mode or even rocking and chaotic modes. These previous
researches reveal that drum behavior affects the CMV measurements (16). Therefore, the
CMV measurements must be interpreted in conjunction with the RMV measurements.
6

Similar to CMV as a relative stiffness index, the Sakai CCV is also determined from the
measured acceleration data but based on more harmonic frequency components. The
concept of the CCV is that the roller drum starts to enter into a “jumping” motion as the
ground stiffness increases, resulting in vibration accelerations at various frequency
components. CCV is defined as follows
𝐶𝐶𝑉 = 100

𝐴0.5Ω +𝐴1.5 +𝐴2Ω +𝐴2.5Ω +𝐴3Ω

(1-4)

𝐴Ω +𝐴0.5Ω

where, A3Ω = acceleration amplitude of the second harmonic component of vibration; A1.5Ω
and A2.5Ω = acceleration amplitude of the 1.5 and 2.5 fundamental frequency of vibration.
The concepts of CMV and CCV are illustrated in Figure 2.
1.1.4 Correlation studies
Several studies have been performed since the beginning of IC technology to relate ICMVs
to spot-test measurements such as density, static plate load test (PLT) modulus and light
weight deflectometer (LWD) modulus. For soil compaction, some linear correlations have
been found between the ICMVs and various types of soil in-situ point measurement values
(Point-MV). Kröber et al. found good correlations from calibration test strips between
ICMV and PLT initial and reload modulus with R2 > 0.9 in 2001 (7). Based on average

Figure 1.2. The concepts of CMV and CCV
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measurements over the length of a test strip (20 m), White et al also found good correlations
between ICMVs and Point-MVs (R2 = 0.87 for density and 0.96 for dynamic cone
penetrometer) in 2007 (17). In 2010, Mooney concluded that simple linear correlations
between ICMVs and compaction layer Point-MVs were appropriate for a compaction layer
with relatively homogenous underlying layer (4).
While applied successfully on soil compaction for many years (8; 10; 13; 18), IC is
still a relatively immature technology for HMA compaction. Though some researches
showed strong correlations between ICMV and in-situ spot test results of asphalt for few
particular projects (19-21), strong linear relationships between ICMVs and Point-MVs of
asphalt are generally rare to find, especially for density measurements (22). Comparing to
the soil compaction, the ICMV value of asphalt compaction can be affected by more
factors, which include not only roller operation parameters, but also the temperature of
asphalt layer and the underlying support. However, few previous researches have been
focused on clarifying the relationships between the ICMV of asphalt compaction and other
factors. Discretion is necessary when applying the IC technology to evaluate the
compaction level of asphalt pavement layer. In addition, various ICMV definitions from
different roller manufacturers also impede the standardization and implementation of IC
technology on the asphalt compaction. Therefore, further studies are necessary to improve
the application of IC for the asphalt compaction (23-29).

1.2. Research Objectives
The overall objectives of the study are (1) to evaluate the feasibility of IC in compaction
of soil grade, granular bases and/or subbases, and asphalt layers in flexible pavements; (2)
to develop a laboratory IC technology for evaluating soil/asphalt mixture compaction in
the laboratory.
For the soil compaction, the selected field project was constructed using the latest
IC technology. At the same time, in-situ tests including density, moisture content, and
falling weight deflectometer (FWD) were conducted to verify the construction quality, and
the correlation analyses were performed between the ICMVs and various types of soil insitu measurement values. For the asphalt compaction, the selected field projects were
8

constructed using the IC asphalt roller. The density of asphalt (degree of compaction), as
the most critical parameter for asphalt layers, along with other parameters, were measured
and correlated with the ICMVs. Various factors such as asphalt temperature and the
underlying support were considered in this study to improve the correlation between the
density and ICMV. For both soil and asphalt compaction, the geostatistical analyses were
performed to evaluate the spatial uniformity of compaction, and the cost-benefit analysis
was included to demonstrate the economic benefits of IC technology.
In this study, the IC indices were utilized to quantify the lab vibratory compaction
for paving materials. The compaction processes in the lab were monitored by
accelerometers. Using Discrete-Time Fourier Transform, the recorded data during
compaction were analyzed to evaluate the compactability of paving materials and to further
correlate to the field compaction.
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CHAPTER TWO
CORRELATION ANALYSIS FOR SOIL COMPACTION

10

2.1 Project Description
A new pavement including base and subbase layer was constructed in Davidson County,
Tennessee in 2014; however, no enough in-situ test data were obtained in this project to
perform the regression analysis. To evaluate the IC technology for soil compaction, a soil
compaction project was constructed in China. In this project, a CAT single drum roller
equipped with the same Trimble IC equipment as TDOT projects was adopted for the soil
compaction, and three different in-situ testing methods, including soil moisture, core cutter
method, and Falling Weight Deflectometer (FWD), were employed in this project to
evaluate the relationship between ICMV and in-situ tests. Figure 2.1 shows the IC roller
for this project.
The project contained subgrade soil and aggregate subbase compaction. It
should be noted that unlike the aggregate subbase in Tennessee, the aggregate subbase and
base in this project were stabilized using cement. Therefore, this study focused on the
subgrade soil compaction using IC technology. The test section of the project had a length
of around 460 m.

(a) The project location

(b) The roller
Figure 2.1.

Soil compaction project
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The compaction properties of subgrade soils were analyzed by the standard Proctor
test. The subgrade soil compaction test results are shown in Figure 2.2. According to the
soil compaction curve, the maximum dry density of subgrade soil is 1.82 g/cm3, and the
optimum moisture content is 12.8% correspondingly. Based on the laboratory compaction
test results, the field test section for subgrade soil was divided into four segments with
different moisture contents. The test section arrangement is shown in Table 2.1.

2.2 In-situ Testing Methods for Soils
Three different in-situ testing methods were employed to evaluate the in-situ soil physical
and mechanical properties:
1. Core Cutter Method
A cylindrical core cutter was used here to determine the dry density of the soil. After
pressing the cutter into the soil mass, the cutter filled with the soil was lifted to measure
the mass of the soil. The dry density is calculated as follows:
𝜌=

𝑀
𝑉

(2-1)

1+𝑤

Where M= mass of the wet soil in the cutter

Figure 2.2.

Soil compaction curve

Table 2.1. The field test arrangement for subgrade soil compaction
Segment No
Water content (%)
Length (m)

1
High
150

2
High
150
12

3
Low
80

4
Low
80

V= internal volume of the cutter
w= water content.
2. Falling Weight Deflectometer
FWD testing applied a nominal contact stress of about 390 kPa, 590 kPa, and 800 kPa
sequentially on the soil surface. The actual applied force was recorded using a load cell.
Using the measured deflection, a composite modulus value can be calculated as follows:
𝐸=

(1−𝜂 2 )𝜎0 𝑟
𝑑0

(2-2)

∗𝐹

where E = elastic modulus (MPa),
d0 = measured settlement (mm),
η = Poisson’s ratio,
σ0 = applied stress (MPa),
r = radius of the plate(mm),
F = shape factor depending on stress distribution
3. Portable Soil Moisture Meters
Figure 2.3 shows the in-situ testing methods used on the project.
Field tests were performed on the subgrade soil layer, and correlation analyses were
performed between the IC measurements and the different on-site tests. Before the
compaction, the water contents were measured by a Portable Soil Moisture Meter with a

(a) Portable Soil Moisture Meters (b) Core cutter method (c) FWD
Figure 2.3. In-situ testing methods
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frequency of four points on the same cross section every 10 meters. There was a total of
370 points including water content and conductivity. The compaction work began
immediately with the end of the test. After the compaction, 15 points were selected for each
segment based on the CMV value, and the compaction degree (The dry density) and water
content were measured using Core Cutter Method. There was a total of 60 densities data.
The deflection values at the same locations were measured later by FWD test. There was a
total of 60 deflection data.

2.3 Correlation Analyses for Soil Compaction
Regression analyses between CMV and in-situ test results were further performed in this
study to evaluate the IC technologies for soil compaction.
2.3.1 Water content
A total of 370 water content tests were performed before the compaction. The distribution
of test points is shown in figure 2.4 (a). Kriging is a stochastic interpolation procedure to
create “smoothed” contour maps of data. Using ArcGIS, the contour map of water content
was produced as shown in figure 2.4 (b). It can be seen from figure 6.2 that the water
content gradually decreases from the segment 1 to 4, which is not exactly the same as the
original plan. The reason for that is the considerable time required for the test which was
started with the segment 1. When the test ended in segment 4, the water content was
dropped significantly.
Using the same ArcGIS tool, the kriged contour maps of CMV during the
compaction were produced. Figure 2.5 compares the contour map of the final coverage of
CMV and the water content. It can be observed that areas with high CMV values tend to
have low water contents, and vice versa, which means a correlation may exists between
CMV and water content during the compaction. Veta software was utilized to perform the
correlation analysis between CMV of different pass and water content. The analysis results
were shown in Figure 2.6. It can be seen form the figure that the water content of soil
affects the CMV value, and with the progress of compaction, the R square value increases
from 0.09 to 0.17.
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(a) Test points

(b) Contour map of water content

Figure 2.4. The water content of soil before the compaction

(a) The final coverage of CMV

(b) Water content

Figure 2.5. A comparison between CMV and water content
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(a) Pass 1

(b) Pass 2

(c) Pass 3
Figure 2.6. Correlations between CMV and water content
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2.3.2 Dry density
A total of 60 density tests were performed after the compaction using core cutter method.
Correlation analyses between density and CMV were performed separately according to
each segment. The analysis results were shown in figure 2.7.
As shown in figure 2.7, the relationship between CMV and density varies among
different segments. The segment 1 with the moisture content close to the optimum value
had the strongest linear relationship with R2=0.36, whereas no relationship could be found
for segment 3 and 4 with the moisture content much smaller than the optimal value. The
multiple linear regression analyses were further performed to include both density and
water content of soil. It was found that adding the factor of water content improved the
correlation for most segments, with an increase of R2 from 0.10 to 0.28 for segment 2 and
0.01 to 0.18 for segment 4 respectively.
2.3.3 Deflection test
A total of 60 deflection tests were performed later after the density tests had been finished.
Correlation analyses between deflection and CMV were performed separately according to
each segment. The analysis results were shown in Figure 2.8.
As shown in Figure 2.8, the relationship between CMV and deflection varies
significantly among segments. There is no relationship between CMV and deflection for
segment 1 and 2, whereas a strong linear relationship could be identified for segment 3 and
4 with R2=0.65 and 0.55 respectively. Combining the data of segments 3 and 4 results in a
R2=0.59. A reasonable explanation is that when the CMV was recorded, the water contents
of segment 1 and 2 were high. However, after the compaction and density test, the water
content had dropped significantly during the FWD test. Therefore, the deflection results
represented the soil bearing capacity at low water content, whereas the CMV results
represented the soil stiffness at high water content. The segment 3 and 4 kept a relatively
low and constant water content throughout the whole tests; therefore, yielded a strong
linear relationship between CMV and deflection.
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(a) Segment 1

(c) Segment 3

(b) Segment 2

(d) Segment 4

Figure 2.7. Correlations between CMV and density

(a) Segment 1

(c) Segment 3

(b) Segment 2

(d) Segment 4

Figure 2.8. Correlations between CMV and deflection
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2.4 Discussion and Summary
For the soil compaction, some linear correlations have been found between ICMV and
several types of soil in-situ point measurement values. Kröber et al. in 2001 found that the
correlations from calibration test strips between ICMV and static plate load test (PLT)
initial and reload modulus showed a strong correlation with R2 > 0.9 (7). Based on average
measurements over the length of the test strip (20 m), White et al. in 2007 defined the
correlations between ICMVs and Point densities (R2 = 0.87) (17). Mooney et al. in 2010
concluded that simple linear correlations between ICMVs and point measurement values
were possible for a soil layer with a relatively homogenous underlying layer (30). The
practices in this study also support these findings.
In this study, the relationships between the CMV of soil layer and in-situ point
measurement values were thoroughly examined. The water content of soil affects the CMV
value, and further affects the relationship between CMV and density among different
segments. A strong and stable linear relationship between CMV and deflection could be
identified when the water content of soil was consistent. Our findings are consistent with
previous researches, and it shows the potential of utilizing IC measurements for QA of soil
compaction.
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CHAPTER THREE
INVESTIGATING KEY FACTORS OF INTELLIGENT
COMPACTION FOR ASPHALT PAVING: A COMPARATIVE CASE
STUDY
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Wei Hu's contribution was conducting all literature review, data analysis, and writing the
text contained in the manuscript. Dr. Baoshan Huang provided guidance throughout the
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3.1 Abstract
As an innovative technology, intelligent compaction (IC) needs an in-depth investigation
to improve its applicability for asphalt compaction. For the same asphalt base layer
compaction, the potential for utilizing Compaction Meter Value (CMV) to evaluate the
asphalt compaction varies based on different underlying support. In this study, the key
factors of IC technology for asphalt compaction, underlying support, asphalt temperature,
and roller parameters were investigated based on two asphalt base layer projects conducted
in the United States and China. It was found that different underlying supports can affect
the sensitivity of CMV with respect to the asphalt modulus. For the project with an
untreated aggregate base layer, the poor relevance between CMV and asphalt temperature
(R2=0.0) proves that the CMV in this case mainly reflects the stiffness of the underlying
support. However, the relevance between CMV and asphalt temperature is significant
(R2=0.35~0.72) for the project with a cement stabilized aggregate base layer, reflecting that
CMV is sensitive to the change of asphalt modulus. Changes of roller parameters can also
affect the correlation between CMV and asphalt modulus.

3.2 Introduction
As an innovative technology for pavement construction, intelligent compaction (IC) was
originally developed in Europe in the 1980s for soil and sub-base compaction and was later
adapted for asphalt layers in the 1990s. According to the Federal Highway Administration
(FHWA) (2), IC is an improved compaction process using rollers equipped with an
integrated

measurement

system

which
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includes

GPS,

infrared

thermometers,

accelerometers and an onboard computer reporting system. By providing graphical
information for roller operators, it can be used to ensure that the target properties of the
layer are more uniform and are more efficiently achieved. For the integrated measurement
system, the key component is the accelerometer. By measuring the vertical acceleration of
the roller frame, the intelligent compaction measurement value (ICMV) can be obtained
and operated as an indicator of the layer’s stiffness.
For soil compaction, linear correlations have been well established between ICMV and
various types of soil in-situ point measurement values (Point-MV) (4; 7; 17). However,
strong linear relationships between ICMVs and Point-MVs of asphalt layers are rarely
found (22; 26). Between 2008 and 2010, 13 states in the United States participated in an
FHWA-sponsored study entitled “Accelerated Implementation of Intelligent Compaction
Technology for Embankment Subgrade Soils, Aggregate Base, and Asphalt Pavement
Materials.” The key findings of the study concluded that correlations between ICMV and
asphalt densities were inconsistent, and although correlations between ICMV and lightweight deflectometer (LWD)-based layer modulus were relatively better, the sensitivity
was low and there was significant scatter (31).
Many factors may contribute to the inconsistent correlation between ICMV and PointMVs of asphalt layers. First and most importantly, ICMV measures a combined stiffness
of pavement structures, up to a certain depth (4). According to the limited results of
previous studies, the approximate measurement depth for 10-ton rollers is between 0.5 m
and 1.0 m, which is far greater than the thickness of the top asphalt layer (4; 8; 32). For
soil compaction, heterogeneity in support conditions of layers underlying the compaction
layer is identified as the major factor that affects the correlations between the ICMV and
Point-MVs of soil (4). It can be concluded that for asphalt compaction, different underlying
support may also affect the sensitivity of ICMV. In the United States, the asphalt base layer
is usually supported by an untreated mineral aggregate base layer, whereas in China it is
often supported by a cement stabilized aggregate base layer. The resilient moduli for
stabilized and non-stabilized base vary significantly. For example, in Louisiana, the
recommended resilient modulus design value for the cement stabilized base course is
180,000 psi, whereas it is only 20,000 psi for the limestone base (33). It is necessary to
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clarify the effect of different underlying support for the asphalt compaction utilizing IC
technology. Secondly, the asphalt temperature affects the value of ICMV while core density
measurements are independent of asphalt temperature. Unlike soil, asphalt is a viscoelastic
material. The dynamic modulus of asphalt depends on the volumetric and rheological
properties, such as temperature (binder viscosity), air void content, loading frequency, and
the gradation, making the behavior of the material more complex (34). Finally, ICMV is
influenced by roller operating parameters. For soil compaction, it has been demonstrated
that ICMV can be strongly affected by varying amplitude and frequency when no adequate
studies have been performed for the asphalt compaction (4). Though these factors are
important for the application of IC for asphalt compaction, an understanding of them
through theoretical models is difficult due to the complex interaction between the IC roller
and an asphalt layer. It is necessary to investigate these factors through practical
engineering practices.
The objective of this paper is to investigate key factors of IC technology for asphalt
compaction. To achieve this goal, two asphalt base layer projects with different underlying
support but the same IC technology were analyzed. One project is an asphalt base layer
over an untreated aggregate base layer in Tennessee, U.S., and the other is an asphalt base
layer over a cement stabilized aggregate base layer in Shanxi Province, China. The
influences of several factors including the underlying support, the asphalt temperature, and
roller operating parameters on ICMV were checked and compared between these two
projects. The original Witczak model, the multilayer pavement analysis software BISAR,
ArcGIS software, and JMP software were used as tools to accelerate the analysis process.

3.3 Methodology
3.3.1 Compaction meter value (CMV)
Every IC equipment manufacturer has developed its own unique method for characterizing
the level of asphalt layer compaction (22). Among several types of ICMV, Compaction
Meter Value (CMV) was the first one to be developed. It was established in 1976 by a
Swiss company naming Geodynamic in cooperation with the Dynapac Research
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Department.
CMV is a dimensionless compaction parameter which is determined using the dynamic
roller response (10). For soil compaction, researchers found that the ratio between the
amplitude of the first harmonic and the amplitude of the fundamental frequency of the
roller drum had a significant relationship with the achieved compaction level. Therefore,
CMV can be served as an indicator of the layer’s stiffness, which is calculated as follows:
𝐶𝑀𝑉 = 𝐶 ×

𝐴2𝛺
𝐴𝛺

(3-1)

Where C=constant
AΩ =acceleration amplitude of the fundamental component of the vibration
A2Ω=acceleration amplitude of the first harmonic component of the vibration
Though the value of CMV depends on roller dimensions (i.e., drum diameter and
weight) and roller operation parameters (e.g., frequency, amplitude, and speed), a
standardized roller with the same setting can be used to assess the stiffness of the
compaction surface similar to a Falling Weight Deflectometer (FWD) or a plate-bearing
test (14). The roller also measures the resonant meter value (RMV), which provides an
indication of the drum behavior,
𝑅𝑀𝑉 = 𝐶 ×

𝐴0.5𝛺
𝐴𝛺

(3-2)

Where A0.5Ω= subharmonic acceleration amplitude caused by jumping.
CMV should be interpreted in conjunction with the RMV since the drum behavior affects
CMV measurements (16; 35). In this study, both projects used the same CMV
measurements from Trimble company.
3.3.2 The Witczak model, ArcGIS, JMP, and BISAR software
The Witczak dynamic modulus predictive model was developed to estimate the dynamic
modulus of asphalt mixture from simple material properties and volumetrics (36). In this
model, the dynamic modulus at a given loading frequency and temperature depends on a
number of factors such as the viscosity of the asphalt, the effective asphalt content, and the
percentage of air voids. The multilayer pavement analysis software BISAR was developed
by Shell Company to calculate the stresses and strains in roads. These two tools were
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utilized in this study to estimate the deformation of pavement under the roller compaction.
ArcGIS is a geographic information system (GIS) for working with geographic
information, which is suitable for IC data. It can be used for compiling geographic data,
analyzing mapped information, and managing geographic information in a database. In this
study, ArcGIS will be utilized to create the contour maps for CMV and other IC data. JMP
software is a suite of computer programs for statistical analysis developed by SAS Institute.
In this study, it will be adopted to analyze the relationships among CMV, asphalt
temperature, and roller parameters.

3.4 Results and Discussion
3.4.1 IC projects information
Two asphalt base layer projects using the same IC technology were selected for the research.
Project 1 was constructed in Davidson County, Tennessee in August 2014. An asphalt base
layer with a thickness of 7.5 cm (3 inches) was applied on an untreated aggregate base
layer in accordance with the Tennessee Department of Transportation (TDOT)
specifications. Figure 3.1 (a) illustrates the layer structures of this project.
A high frequency double drum vibratory roller equipped with an IC system, Ingersoll
Rand DD-110HF, was served as the breakdown roller as shown in Figure 3.1 (a). The roller
was operated at a frequency of 55 Hz and an amplitude of around 0.43 mm. The breakdown
roller was kept in the vibration mode most of the compaction time. Another vibratory roller,
BOMAG 278AD, was used for intermediate rolling in a static mode.
Project 2 was performed in Shanxi Province, China in September 2016. An asphalt
base layer with a thickness of 6 cm was compacted over a cement stabilized aggregate base
layer. Figure 3.1 (b) illustrates the layer structures of this project.
A high frequency double drum vibratory roller equipped with the same IC system, CAT
CB54B, served as the breakdown roller as shown in Figure 3.1 (b). The roller was operated
at a frequency of 43 Hz and at an amplitude of around 0.65 mm. A low amplitude (0.33mm)
and a high amplitude (0.88) were also applied on two short sections in this project to check
the effect of various amplitudes on CMV. The breakdown roller was kept in the vibration
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mode most of the compaction time. All IC data for both projects, including roller passes,
temperature, CMV, etc., were recorded and stored during compaction for further analysis.
As shown in Figure 3.1, the thickness of the asphalt base layer of project 1 is slightly
larger than that of project 2, which is also true for the base layer and subbase layer. The
untreated aggregate materials are the same for both base layer and subbase layer in project
1, whereas the only difference between cement stabilized base layer and subbase layer in
project 2 is the cement content (4.4% for the base layer and 3.5% for the subbase layer
respectively).
Table 3.1 shows the basic parameters of rollers for these two projects, and Table 3.2
shows the job mix formulas for both projects. As shown in the Tables, both the roller
parameters and the asphalt mix properties are slightly different for these two projects;
however, it is reasonable and acceptable considering that these two projects were
compacted in different countries. Thirty cores were randomly selected after the whole
compaction for each project and the lab densities (Gmm%) were measured (using saturated
surface dry method or CoreLok method according to the specific situation of cores).

1 Asphalt base layer

1 Asphalt base layer 6cm

7.5cm

2 Untreated base layer

25cm

2 Cement stabilized base layer 20cm

3 Untreated subbase layer 25cm
4

3 Cement stabilized subbase layer 20cm

Soil

4

(a) Project 1

Soil

(b) Project 2

Figure 3.1. Rollers and pavement structures
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Table 3.1. Roller basic parameters
Roller

Unit

Ingersoll Rand DD-110HF CAT CB54B
(Project 1)

(Project 2)

Operating Weight

kg

11480

10670

Static Weight at Front Drum

kg

6075

5240

Drum Width

mm

1980

1700

Drum Diameter

mm

1370

1198

Frequency

Hz

55

43

Amplitude

mm

0.43

0.65 (0.33, 0.88)

Table 3.2. Job Mix Formula
Project

Sieve Size

Percent Passing, %
Project 1

Project 2

50.0 mm

100

100

37.5 mm

98

100

19 mm

69

95.4

9.5 mm

42

60.8

4.75 mm

29

43.9

2.36 mm

22

31.5

0.6 mm

13

14.4

0.15 mm

7.2

7.1

0.075 mm

4.5

5.2

Mix

AC content, %

3.8

4.2

Properties

AC Binder (PG)

64-22

64-22

Aggregate
Gradation
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3.4.2 The factor of underlying support
These two projects involve an asphalt base course overlying a treated or untreated base and
subbase. In these situations, CMV provides a composite measure of the involved layers.
The underlying support is assumed to play a significant role in the nature of the CMV;
however, its influence is difficult to define since the measurement depth is not clear. Only
inconclusive results about the measurement depth for the asphalt compaction could be
found due to the interplay of several factors including layer thickness, stiffness contrast
between the layers, temperature change of asphalt, and the amplitude of vibration. In this
study, two similar asphalt base layers were constructed on the different aggregate base
layers (cement treated and untreated base), which offer distinct underlying supports. Figure
3.2 (a-d) shows the CMV distribution for the final coverage and the compaction curve of
the breakdown roller for both projects.
As shown in Figure 3.2, the difference between the CMV values on the two projects is
obvious. The final coverage of CMV for project 1 has a mean of 10.2 and a standard
deviation of 4.6. The value of CMV for project 2 is significantly higher than that of project
1 with a mean of 60.0 and a standard deviation of 22.0. This phenomenon can also be
observed from compaction curves. The compaction curve is a plot of mean CMV versus
roller passes, which can be applied to determine optimal roller passes based on CMV data.
As shown in compaction curves, for project 1, the mean CMV keeps rising from pass 1
(9.24) to pass 4 (9.94), whereas it reaches the peak (64.83) at pass 3 for project 2.
The “cylinder deformation modulus” CMV can be expressed as the ratio of the force
and the corresponding displacement (10). The compaction force can be assumed constant
during the compaction, and the displacement is the sum of the displacement of the asphalt
base layer and the displacement of the underlying layers. There are many factors including
thickness, aggregate gradation, asphalt content, asphalt temperature, and underlying
support which may affect the value of CMV. To clarify the main factor for CMV, the
original Witczak model and the BISAR were utilized to estimate the displacements for the
asphalt base layer and the underlying layers during the compaction for both projects. Based
on previous research, the measured depth for CMV was set as 50 cm for both projects when
calculating the deformations under the roller (29). Using the Witczak model, the dynamic
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modulus of asphalt base layer was calculated according to the job mix formula and roller
parameters for each project. The air voids were determined based on the nuclear gauge
(NG) test results during compaction, and asphalt temperature adopted the average value of
IC records for each roller pass. The resilient modulus of underlying aggregate layer was
set as the design value for the calculation. In BISAR, one single load of 100 KN was used
to simulate the maximum load of roller, and a radius of 0.2256m was used to convert the
actual rectangular loading area of drum.
As shown in Figure 3.2 (e) and (f), the displacements during the compaction for both
asphalt base layers and underlying layers up to a depth of 50 cm were calculated for both
projects. For project 1, the displacement of the underlying layers is much larger than that
of asphalt base layer during the compaction, which means that CMV may mainly reflect
the stiffness of underlying layers and is not sensitive to the change of asphalt base layer. In
contrast, the displacement values between the asphalt layer and the underlying layers in
project 2 are on the same order of magnitude, and since the displacement of the underlying
layers remain stable during the compaction, the change of CMV between different roller
passes mainly indicate the increasing modulus of the asphalt base layer. It is interesting to
note that the ratio of the overall calculated displacements between these two projects (1300
vs. 230µm) is similar to the opposite ratio of CMVs (10 vs. 60) as shown in Figure 3.2.
The calculation demonstrates that the critical factor affecting the CMV of asphalt base
layer is the underlying support. The design resilient modulus of the untreated aggregate
base in project 1 is 130 MPa; as a comparison, it is 900 MPa for the cement stabilized
aggregate base for a seven-day curing period in project 2. On the other hand, the dynamic
moduli of both asphalt base layers are similar under the same conditions. For example, it
is 157 MPa for project 1 and 149 MPa for project 2 with a same 8% air voids at 126 ºC
using the Witczak model. As an indicator of a combined modulus of pavement structure,
the difference between the two projects demonstrates that the value of CMV was affected
by the underlying layers based on layer thickness and stiffness contrast between the layers.
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(a) Project 1final coverage

(b) Project 2final coverage

(c) Project 1 compaction curve

(d) Project 2 compaction curve

(e) Project 1 displacements

(f) Project 2 displacements

Figure 3.2. CMV distribution, compaction curve, and displacements of layers
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3.4.3 The factor of asphalt temperature
Unlike the soil, temperature will significantly influence the dynamic modulus of asphalt,
resulting in a variation of CMV. Theoretically, a low asphalt temperature connects to a high
dynamic modulus of asphalt and CMV, and vice versa. However, other factors, including
air void content, loading frequency, and gradation, will also affect the dynamic modulus of
asphalt. Further, as discussed above, layer thickness, stiffness contrast between the layers,
and the amplitude of vibration may all interact with CMV, making the relationship between
temperature and CMV difficult to identify. Based on the findings about underlying support,
the influence of asphalt temperature on CMV was further investigated by comparing these
two projects.
Figure 3.3 illustrates a change in CMV corresponding to a change in asphalt
temperature for both projects. A section of 50 m pavement was randomly selected for both
projects, then the contour maps of final coverage CMV and temperature were produced
using ArcGIS. As shown in Figure 3.3, no clear relationship between CMV and asphalt
temperature could be identified for project 1. There are few small areas such as the top of
the figures where a low temperature may connect to a high CMV, but overall no clear
relationship could be identified between temperature and CMV. As a comparison, the
relationship between temperature and CMV can be clearly identified for project 2. The
areas with low temperatures usually are accompanied by high CMVs, whereas high
temperatures and low CMVs occur simultaneously in other areas.
JMP pro was adopted to perform the linear correlation analysis between CMV and
temperature. Figure 3.4 (a) and (b) show the analysis results for the first pass data of roller
for both projects. As shown in Figure 5, there is no meaningful relationship between CMV
and temperature for project 1 (R2=0.0), whereas the relationship is significant for project 2
(R2=0.35).
As discussed above, the CMV of project 1 mainly reflects the stiffness of underlying
support and is not sensitive to the change in asphalt, which is further proven by the poor
relevance between CMV and the asphalt temperature. The existing strong correlation in
project 2 is also consistent with the calculation of displacement. To further investigate the
relationship between CMV and temperature, a series of tests were further performed for
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(a) Project 1

(b) Project 2

Figure 3.3. Comparisons between CMV and temperature

(a) Project 1

(b) Project 2 (Amp=0.65mm) (c) Project 2 (Amp=0.33mm)

(d) Project 2 (Amp=0.88mm) (e) finished section mapping

(f) Dynamic modulus

Figure 3.4. Relationship between CMV and temperature
32

project 2. A change of roller amplitude with a value of 0.33mm and 0.88mm respectively
was tested first as shown in Figure 3.4 (c) and (d). It can be observed that the changes of
amplitude reduce the correlation between CMV and temperature (R2=0.06 for
Amplitude=0.33mm, and R2=0.14 for Amplitude=0.88mm respectively). A trend of an
increasing CMV corresponding to a drop of temperature can still be identified for
Amplitude=0.88mm; however, it is accompanied by a large variance.
The dynamic modulus of asphalt is influenced not only by temperature, but also by
air void content of asphalt, and the variation of air void content during the first pass may
impair the correlation between CMV and temperature. Therefore, the IC roller was used
again to obtain a mapping of a just finished section, which can be assumed as having a
more consistent air void content. As shown in Figure 3.4 (e), the surface temperature of
this finished section is between 25 ℃ and 110 ℃, and the relationship between CMV and
temperature can be better expressed by a fourth-degree polynomial fitting (R2=0.72) than
a linear fitting (R2=0.56). For a constant air void content of 7% which is suitable for a
finished section, the dynamic modulus of asphalt was calculated using the Witczak model
following a change of temperature as shown in Figure 3.4 (f). It can be observed that the
curve of dynamic modulus is very similar to the polynomial curve in Figure 3.4 (e).
3.4.4 The factor of roller parameters
CMV can also be influenced by roller operating parameters. As discussed above, different
amplitudes of rollers influence the sensitivity of CMV on the asphalt modulus for project
2. In this study, parameters including RMV, roller speed, frequency, and amplitude were
examined for both projects. There was no meaningful relationship between CMV and RMV,
speed, and frequency. Most of RMVs are lower than 10, indicating that the rollers were not
in a double jumping mode for both projects. However, the setting of amplitude may affect
the value of CMV within a specific range for both projects. Figure 3.5 shows the correlation
between CMV and amplitude.
As shown in Figure 3.5, the actual amplitude will fluctuate around the set value. The
amplitude of the roller has a significant relationship with CMV for project 1 (R2=0.31) and
project 2 for an amplitude of 0.33mm (R2=0.32), whereas no meaningful relationship could
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be found for project 2 with a normal or large amplitude (R2=0.00 for Amplitude=0.65mm,
and R2=0.09 for Amplitude=0.88mm respectively). It is interesting to note that the
correlation between CMV and amplitude became significant when no correlation could be
found between CMV and temperature for both projects, and relationships between CMV
and amplitude are reverse between two projects as shown in Figure 3.5 (a) and (b).
3.4.5 Discussions of investigating results
For the asphalt base layer compaction utilizing IC technology, different underlying
supports have different effects on CMV. The untreated aggregate base layer has a relatively
weak stiffness and plays a vital role in the value of CMV, which makes the CMV desensitized to the modulus of asphalt base layer. This conclusion is further proven by the
correlation analysis between CMV and asphalt temperature. Therefore, the CMV mainly
reflects the variation of underlying layers. Thirty cores were randomly selected after
compaction, and no correlation could be found between the last CMVs and core densities
(R2=0.00). The poor correlation is also due to the characteristic of CMV measurement.

(a) Project 1

(b) Project 2 (Amp=0.33mm)

(c) Project 2 (Amp=0.65mm)

(d) Project 2 (Amp=0.88mm)

Figure 3.5. Relationship between CMV and amplitude
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According to an investigation on the soil compaction in 2004 (15), CMV will increase
linearly with soil modulus during the partial uplift mode of roller; however, it is insensitive
to soil modulus during a continuous contact mode of roller when CMV is below 10.
According to Figure 3.2(a), half of the CMVs are lower than 10. Changing roller
parameters such as amplitude should be explored in the future to improve the application
of IC under these circumstances.
A cement stabilized aggregate base layer can offer a relatively strong and more
uniform support for the compaction of asphalt base layer, which is well illustrated in project
2. Under this circumstance, the CMV is sensitive to the change of the asphalt modulus with
an appropriate roller setting, which ensures the potential of utilizing CMV to evaluate the
asphalt compaction. During the compaction, two parameters of asphalt are constantly
changing: asphalt air void content and temperature. If the air void content keeps constant,
the dynamic modulus of asphalt is mainly decided by temperature. The trend of CMV
corresponding to temperature is similar to the curve of dynamic modulus in Figure 3.4,
indicating that the CMV can quantify the asphalt modulus well. Thirty cores were randomly
selected for this project, and a weak correlation could be found between the last CMVs and
core densities (R2=0.21). It is because the air void content only fluctuates in a small range
in this project (90.3~94.3%Gmm), and a relatively broad range of temperature change in
this project as shown in Figure 4 impedes the correlation between density and CMV. A
more uniform temperature distribution during the compaction may enhance the sensitivity
of CMV on asphalt density (28). More similar projects should be examined to explore the
potential of IC technology for the asphalt compaction in the future.

3.5 Conclusions
Though similar IC rollers were applied on the asphalt base layer projects, the potential for
utilizing CMV to evaluate the asphalt compaction are different due to the different
underlying layers. Many other factors such as asphalt temperature and roller parameters
also constrain the application of IC on asphalt compaction. In this study, two asphalt base
layer projects with different underlying support but compacted using the same IC
technology were investigated to clarify the key factors of IC technology. One project is an
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asphalt base layer over an untreated aggregate base layer in Tennessee, U.S., and the other
is an asphalt base layer over a cement stabilized aggregate base layer in Shanxi Province,
China. After investigation，the interplay of several factors including the underlying
support, temperature changes, and roller parameters were evaluated. The conclusions are
summarized as follows:
1. Underlying supports affected the sensitivity of CMV on the change of asphalt
modulus. The CMV mainly reflected the stiffness of the underlying untreated
aggregate layers in project 1, whereas it reflected the change of asphalt base layer
in project 2.
2. The poor relevance between CMV and asphalt temperature in project 1 further
proved that the CMV in this case mainly reflects the stiffness of underlying support
(R2=0.0), whereas a fair good correlation between CMV and asphalt temperature
was identified in project 2 with an appropriate roller setting (R2=0.35).
3. For project 2, changes of amplitude reduced the correlation between CMV and
temperature

(R2=0.06

for

Amplitude=0.33mm,

and

R2=0.14

for

Amplitude=0.88mm respectively), demonstrating that the parameter setting is
important for the sensitivity of CMV.
4. For the surface mapping CMV on a just finished section in project 2, the
relationship between CMV and temperature can be better fitted by a fourth-degree
polynomial curve (R2=0.72) than a linear fitting (R2=0.56), and the polynomial
curve is similar to the calculated asphalt modulus curve.
5. The amplitude of roller had a significant relationship with CMV in project 1
(R2=0.31), whereas it was dependent on the setting values in project 2.
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CHAPTER FOUR
UTILIZING INTELLIGENT COMPACTION METER VALUES TO
EVALUATE CONSTRUCTION QUALITY OF ASPHALT
PAVEMENT LAYERS
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4.1 Abstract
While having been successfully used for soil compaction for many years, intelligent
compaction (IC) technology is still relatively new for asphalt pavement construction. The
correlation between Compaction Meter Value (CMV) from the IC compactor and the
compaction degree of asphalt layers is hard to identify, mainly due to: (1) multi-layer
structure of the road, (2) non-linear behavior of asphalt materials, and the measuring depth
of IC roller. In this study, the possibility of utilizing CMV to evaluate the density of
different asphalt pavement layers was examined. The displacements of the newly placed
surface layer and underlying layers under a vibratory roller were analyzed using the
original Witczak model and the multilayer pavement analysis software BISAR. A method
was proposed to filter the effects of underlying layers on CMV. Data from two asphalt
pavement IC compaction projects in Tennessee were employed to verify the proposed
filtering method. Further laboratory methods to simulate the IC roller compaction were
also discussed.

4.2 Introduction
For asphalt pavement construction, achieving a uniform and desirable density has been
adopted as the criteria to avoid the early degradation of pavements over the years. It is a
common practice to apply vibratory rollers on the asphalt pavement compaction, followed
by point-wise measurements to verify the achieved density. However, achieving a uniform
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roller compaction pattern covering an entire lane is not an easy task for conventional
vibratory rollers. Also, the point readings are time-consuming and may not reflect the
quality of the entire asphalt layer. The emerging intelligent compaction (IC) technology
has the potential to overcome the existing issues of conventional asphalt compaction and
density measurement.
IC technology was initiated in Europe for the soil compaction in the 1970s and has
been practiced extensively since then (4). Nowadays a growing number of IC rollers are
utilized for asphalt pavement compaction. According to the Federal Highway
Administration (FHWA) (2), IC is an improved compaction process using rollers equipped
with an integrated measurement system including a GPS, infrared thermometers,
accelerometers and an onboard computer reporting system. IC rollers can maintain a
continuous record of plots which indicate the number of roller passes, temperature
measurements and also compaction level, which allows for real-time corrections during the
compaction process. Among various parameters, the IC measurement values (ICMV) can
be used to evaluate the density or stiffness of the compacted layer. For the soil compaction,
some linear correlations have been found between ICMV and various types of soil in-situ
point measurement values (Point-MV). Kröber et al. found that the correlations from
calibration test strips between ICMV and static plate load test (PLT) initial and reload
modulus showed a strong correlation with R2 > 0.9 in 2001(7). Based on average
measurements over the length of the test strip (20 m), White et al. defined the correlations
between ICMVs and Point densities (R2 = 0.87) in 2007 (17). Mooney et al. in 2010
concluded that simple linear correlations between ICMVs and Point-MVs were possible
for a soil layer with a relatively homogenous underlying layer (4).
However, strong linear relationships between ICMVs and Point-MVs of asphalt
pavements are rarely found, especially for the density measurements (22). Practices in
Tennessee also support these findings: Six asphalt pavement projects were constructed
using IC rollers, and thirty cores were randomly selected and measured for each project
after the compaction. There is no direct correlation between ICMVs and core densities for
all the projects. Many factors may contribute to the inconsistent correlation between ICMV
and pavement density. These include the non-linear behavior of IC roller for certain roller
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parameters and road stiffness combinations; the effect of pavement temperature on ICMV
while NG/core measurements are independent of asphalt temperature; and the measuring
depth of ICMV. Discretion is necessary when applying the IC technology to evaluate the
compaction level of asphalt pavement layer.

4.3 Objective
The objective of this paper is to analyze the possibility of utilizing ICMV to evaluate the
compaction quality for different asphalt layers. To achieve this goal, the original Witczak
model and the multilayer pavement analysis software BISAR were employed to calculate
the displacements of the newly placed asphalt layer and underlying layers under a vibratory
roller. A feasible method was proposed to filter the effects of underlying layers on ICMV.
Data of two asphalt pavement IC compaction projects were used to verify the filtering
method. Further laboratory methods to simulate the IC roller compaction were also
discussed.

4.4 Background
4.4.1 Compaction meter value (CMV)
Different vendors use different types of ICMV (22). Since all rollers in the two projects
used the vibratory-based Compaction Meter Value (CMV) as the ICMV, a brief description
of CMV is provided here.
Developed by Geodynamik, CMV is a dimensionless compaction parameter that
depends on roller dimensions (i.e., drum diameter and weight) and roller operation
parameters (e.g., frequency, amplitude, and speed) and is determined using the dynamic
roller response (10). The drum of a vibrating roller subjects the soil or pavement to periodic
impacts, which is similar to a dynamic plate load test. Therefore, the impacts from the
cylindrical drum have the potential to simulate a load test for soil or pavement. After
evaluating this idea in numerous field tests (13), the researchers found that the ratio
between the amplitude of the first harmonic and the amplitude of the fundamental
frequency of the roller drum had a significant relationship with the compaction level
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achieved. It was also found that the force amplitude ‘F’ of the blows is proportionate to the
first harmonic of the vertical acceleration of the drum, and the displacement ‘S’ during the
blow can be expressed by the amplitude of the double integral of the fundamental
acceleration component. Therefore, a “cylinder deformation modulus” Ec can be expressed
as the ratio of the force and the corresponding displacement as
𝐹

𝐸𝑐 = 𝑐1 × 𝑆 = 𝑐2 × 𝜔2 ×

𝐴2𝛺
𝐴𝛺

(4-1)

Where
A2Ω=acceleration amplitude of the first harmonic component of the vibration
AΩ =acceleration amplitude of the fundamental component of the vibration
ω = fundamental angular frequency of the vibration
c1, c2 =constants
Based on that, the CMV is calculated as follows:
𝐶𝑀𝑉 = 𝐶 ×

𝐴2𝛺

(4-2)

𝐴𝛺

Where C=constant. Though the actual CMV will vary for different rollers, a standardized
roller with a same setting can be used to assess the stiffness of the compaction surface
similar to a Falling Weight Deflectometer (FWD) equipment or a plate-bearing test (14).
The roller also measures the resonant meter value (RMV), which provides an indication of
the drum behavior (e.g., continuous contact, partial uplift, double jump, rocking motion,
and chaotic motion). RMV is calculated as follows:
𝑅𝑀𝑉 = 𝐶 ×

𝐴0.5𝛺

(4-3)

𝐴𝛺

Where A0.5Ω= subharmonic acceleration amplitude caused by jumping. Theoretically,
RMV=0 indicates that the drum is in a continuous contact. When RMV>0, the drum enters
a double jump mode and transitions to rocking and chaotic modes. Several previous
researches show that the drum behavior affects the CMV measurements (16; 35). Therefore,
it must be interpreted in conjunction with the RMV measurements.
4.4.2 The Witczak model and BISAR software
The Witczak dynamic modulus predictive model and the multilayer pavement analysis
software BISAR were utilized in this study to evaluate the effects of underlying layers on
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CMV. BISAR was developed by Shell Company to calculate the stresses and strains in
roads. The Witczak model was developed to estimate the dynamic modulus of asphalt
mixture from simpler material properties and volumetrics (36). In this model, the dynamic
modulus at a given loading frequency and temperature depends on a number of factors such
as the viscosity of the asphalt, the effective asphalt content and the percentage of air voids,
which can be expressed as follows:
log|E ∗ | = −1.249937 + 0.02923ρ200 − 0.001767(ρ200 )2 − 0.002841ρ4 − 0.05809Va −
Vbeff
beff +Va

0.082208 V

+

3.871977−0.0021ρ4 +0.003958ρ38 −0.000017(ρ38 )2 +0.00547ρ34
1+exp(−0.603313−0.313351log(f)−0.393532log(𝜂))

(4-4)

Where
E* = dynamic modulus, 105 psi (68.9 MPa);
η= asphalt viscosity, 106 Poise;
f = loading frequency, Hz;
Va = air void content, %;
Vbeff = effective binder content, % by volume;
ρ34 = cumulative % retained on the 19-mm sieve;
ρ38 = cumulative % retained on the 9.5-mm sieve;
ρ4 = cumulative % retained on the 4.76-mm sieve;
ρ200 = % passing the 0.075-mm sieve.

4.5 Data Acquisition
Two asphalt pavement projects using IC technology in Tennessee were selected for the
research, which included one resurfacing project and one new asphalt base layer project.
The resurfacing project (Project 1) using the IC technology was performed in Hamilton
County, Tennessee in October 2013. A 3.2 cm thick overlay was applied on an existing
asphalt pavement road in accordance with the Tennessee Department of Transportation
(TDOT) specifications. Figure 4.1 (a) illustrates the layer structures of this resurfacing
project. This type of asphalt pavement resurfacing has been successfully applied on
resurfacing program by TDOT for many years.
A high frequency double drum vibratory roller equipped with IC system, SAKAI
SW880, was served as the breakdown roller as shown in Figure 4.2 (a). The roller was
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operated at a frequency of 69 Hz and at an amplitude of approximately 0.5 mm. The
breakdown roller was kept in vibration mode most of the compaction time, and the CMV
data were obtained for different roller passes. Another vibratory roller, CAT CB54B, also
equipped with IC but in static mode, was used for intermediate rolling. The roller
parameters such as speed and frequency were selected by the paving crew based on their
experience. All IC data for both rollers during construction, including roller passes,
temperature, CMV, etc., were recorded and stored during compaction for further analysis.
The new asphalt base layer (Project 2) using the IC technology was performed in
Davidson County, Tennessee in August 2014. An asphalt base layer of 7.6 cm thickness
was applied on an aggregate base layer in accordance with the TDOT specification. Figure
4.1 (b) illustrates the layer structures of this project.
A high frequency double drum vibratory roller equipped with IC system, Ingersoll
Rand DD-110HF, was served as the breakdown roller as shown in Figure 4.2 (b). The roller
was operated at a frequency of 56 Hz and at an amplitude of approximately 0.43 mm. The
breakdown roller was kept in vibration mode most of the compaction time. Another
vibratory roller, BOMAG 278AD, was used for intermediate rolling in static mode.
As shown in Figure 4.1, these two projects represent two typical situations for asphalt
pavement compaction. One is compacting a thin asphalt overlay on thick existing asphalt
layer, and the other is compacting a thick asphalt layer on aggregate base. Thirty cores were
randomly selected after the whole compaction for each project and the lab densities (Gmm%)
were measured (using saturated surface dry method or the CoreLok method according to
the specific situation of cores). There is no direct correlation between the Final Coverage
CMVs and core densities for these two projects as shown in Figure 4.3. To explore any
possible correlations, the nearest IC data for each core location were selected (Each IC data
point represents a default data mesh size of 1.0m*0.15m for these two projects), and the
CMVs for the first pass and the last pass of the breakdown roller were used to perform the
correlation analyses with the core densities again separately. Still no significant
relationships could be found. Factors such as asphalt pavement temperature and underlying
support need to be considered before the CMV data can be practically applied to guide the
compaction level of asphalt pavement.
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Roller

Roller
Layer

Layer

1 Resurfacing layer

1.25 in

1 Asphalt base layer 3 in

2 Existing asphalt layers 8~9 in
2 Aggregate base
3 Aggregate base
4

10 in

3

10 in

Soil

Soil

(a) Project 1

(b) Project 2

Figure 4.1. Rollers with IC equipment

(a) Project 1

(b) Project 2

Figure 4.2. Rollers with IC equipment

(a) Project 1

(b) Project 2

Figure 4.3. Relationships between CMVs and core densities
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4.6 A New Approach to Correlate CMV Data and Asphalt Pavement
Density
In order to utilize CMV as an indicator for evaluating the compaction quality of asphalt
pavement, two issues have to be properly solved. One is the different nature of measured
properties: while the CMV measures the stiffness of pavement as a mechanical property,
the density is a physical nature of asphalt mixtures. The other issue is that the CMV
measurement is influenced by multiple factors including the machine settings (i.e.
amplitude, frequency), conditions of underlying layers and asphalt pavement temperatures.
During compaction, a vibration roller puts a dynamic parabolic load on a rectangular area
of asphalt pavement surface, and a “cylinder deformation modulus” Ec can be obtained as
an integral modulus to a certain depth utilizing the IC technology (20). For layered
pavement structures, if moduli of elasticity for all layers are known, some analytical
calculation methods such as “substitute height method” make it possible to calculate the
stress and strain behavior in the pavement, and in turn the expected measured Ec can be
calculated (37). Therefore, the CMV measurement can be related to the modulus of the
surface layer theoretically, if all moduli of the underlying layers are known. Further, there
are many material models that relate the dynamic modulus of asphalt mixture to parameters
such as temperature, asphalt content, and air voids content (38). Therefore, for the first
question, even if the measured properties are different, there is still a possibility to correlate
CMV with asphalt pavement density (air voids content).
However, this relationship is hard to find due to the second issue. The CMV
measurement is influenced by multiple factors including the machine settings, conditions
of underlying layers and asphalt pavement temperatures. Keeping the roller parameters
constant can control the effect of machine settings, and the effect of temperature can be
monitored using the IC technology and considered in the asphalt material model; however,
the effect of underlying support requires careful consideration because the variation of
underlying layers is almost unknown for most projects.
To evaluate the effects of underlying layers on CMV, the influence depth of CMV
measurement needs to be clarified first. Previous studies gave inconclusive results
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regarding the measurement depth of a vibration roller. For 10 ton rollers, Floss et al. in
1991 found the approximate measurement depth is 0.6 to 1.0 m (32), whereas Brandl and
Adam recommended a measurement depth of 0.6 to 0.8 m in 2000 (4). Anderegg and
Kaufmann stated in 2004 that an IC roller can be assessed at a depth of 1,000 times the
amplitude, that is, for a 0.5 mm of amplitude in this project, approximately 50 cm of depth
is measured (37). To simplify the problem, both projects in this research adopted a
measurement depth of 50 cm when calculating the deformations under the roller. During
pavement compaction, the density of new asphalt layer increases with the increase of
passes. At the same time, the pavement temperature drops. All these factors affect the
modulus of the asphalt layer. Using the job mix formula and roller parameters of each
project, the dynamic modulus of new asphalt mixture layer was calculated for the possible
range of air voids and temperature during compaction utilizing the Witczak model. The
range of temperature was from the recorded data of IC, and the range of air voids was
determined based on the nuclear gauge (NG) test results during compaction. As shown in
Figure 4.4, the dynamic modulus of the resurfacing asphalt layer of project 1 varied
between 60 and 900 MPa from the beginning to the end of compaction, whereas the
dynamic modulus of base asphalt layer of project 2 varied between 10 and 700 MPa for the
same air voids and temperature range.

(a) Project 1

(b) Project 2

Figure 4.4. Distribution of asphalt mixture modulus during compaction
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As for the old underlying asphalt layer, the temperature of asphalt layer was close to
the ambient temperature, and the air voids were approximately 4% after a long service life.
Using a typical design formula of Tennessee and available records, the dynamic modulus
of the underlying old asphalt layer in project 1 varied between 20,000 and 50,000 MPa.
Since the entire project was milled prior to paving, the underlying asphalt aging is not
considered (39). The variation of resilient modulus for the aggregate base and soil are set
as between 100 and 200 MPa, and 50 and 100 MPa respectively based upon the available
data of projects.
Four locations with various underlying layer modulus combinations were chosen for
each project, and for each location, the dynamic modulus of new asphalt layer will increase
according to Figure 4.4 along with the passes of vibratory roller. CMV actually measures
the displacement under a dynamic compaction load; however, numerous published
literatures indicate this measurement highly correlates with the static plate load test (PLT).
Since this study focuses on the relative proportions of displacements for new and
underlying layers, a static layer elastic stress and strain analysis was employed to evaluate
the effects of underlying layers on CMV utilizing a classical software BISAR. Using the
BISAR, the displacements during the compaction for both new layer (Layer 1) and
underlying layers up to a depth of 50 cm (Layer 2, 3) were calculated for both projects. The
differences in displacements between the first and the last pass of roller for each layer were
also calculated. The drums of the breakdown rollers for both projects have a similar size:
2,000 mm in width and 1,400 mm in diameter for SAKAI SW880; and 1,980 mm in width
and 1,370 mm in diameter for DD-110HF. When the drum is loaded on the asphalt layer,
the width of the contact rectangular area will be proportional to the square root of the depth
of the drum indentation. One single load of 100 KN was used to simulate the maximum
load of roller, and a radius of 0.2256m was used to convert the actual rectangular loading
area of drum. The modulus of layer beneath the depth of 50 cm was set as infinite in the
first-round calculation, then the same modulus of closest layer was adopted for the secondround calculation. Both calculations have very similar results. The results of the first round
of calculations for project 1 and 2 are shown in Table 4.1 and 4.2 respectively.
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Table 4.1. Displacements of Different Layers for Project 1
Dynamic or resilient modulus (Mpa)
Location
Layer 1

1

2

60

900

3

60

900

4

60

900

60

900

Layer 2

20000

20000

50000

50000

Layer 3

200

100

200

100

Displacement (µm)
Layer 1

206.55

12.32

206.20

12.00

207.34

13.09 207.24

12.97

Layer 2+3

78.05

77.42

110.90

109.90

49.66

49.48

70.09

70.36

The difference of displacements between the first and last pass (µm)
Layer 1

194.23

194.20

194.25

194.27

Layer 2+3

0.63

1.00

0.18

0.27

Table 4.2. Displacements of Different Layers for Project 2
Dynamic or resilient modulus (Mpa)
Location
Layer 1

1

2

10

700

3

10

700

10

4
700

10

700

Layer 2

200

200

100

100

Layer 3

100

50

100

50

Displacement (µm)
Layer 1

3020.6

36.7

2996

30.7

3021

40.0

2990

36.0

Layer 2+3

891.4

802.7

1147

996.3

1462

1281

1776

1517

The difference of displacements between the first and last pass (µm)
Layer 1

2983.9

2965.3

2981.0

2954.0

Layer 2+3

88.7

150.7

181.0

259.0
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As shown in Table 4.1, for the resurfacing project, it is reasonable to assume that
the CMV reflects the total displacement of the pavement, and the influence of underlying
layers cannot be ignored. With the progress in the compaction, the displacement of the top
layer decreases and the CMV starts to mainly reflect the stiffness of underlying layers. This
influence can partly explain the poor correlation between the last pass CMV and asphalt
layer density, since the CMV value of the last pass may mainly reflect the variation of
underlying support. On the other hand, when observing the difference of displacements
between the first and last pass in Table1, the displacements of underlying layers almost
keep the same for the same location for each pass of the roller, even it may vary
considerably for different locations.
In equation 4-1, a “cylinder deformation modulus” Ec can be expressed as the ratio of
the force and the corresponding displacement. The displacement ‘s’ is the sum of the
displacement for the new asphalt layer and the displacement for the underlying layers,
therefore, equation 1 can be transformed as follows:
1
𝐶𝑀𝑉

1

1

𝑆

1

𝑆𝐿𝑎𝑦𝑒𝑟1 +𝑆𝐿𝑎𝑦𝑒𝑟2+3

1

𝐹

=𝐸 = 𝑐 ×𝐹 =𝑐 ×
𝑐

1

(4-5)

For the same location, assuming the compaction force maintains constant, since the
displacements of underlying layers do not change for different passes, the influence of
underlying support on CMV can be eliminated through the difference in 1/CMV between
different passes. Therefore, the difference in 1/CMV may mainly reflect the changes of
displacement and modulus for the new asphalt layer.
As shown in Table 4.2, for the asphalt base layer compaction, the influence of
underlying support on the CMV value is also significant; however, unlike project 1, the
displacements of underlying layers may also vary significantly for the same location for
different passes of the roller, depending on the strength of the underlying layers. It should
be noted that the exact modulus for different locations and different passes may vary;
however, the observations for project 1 and 2 still hold when the modulus changes within
the scope. Based on the above analyses, further correlation analyses were performed to
explore any potential relationships between CMVs and asphalt densities. To find the
difference in 1/CMV, at least two vibration passes are needed for the same location. For
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the project 1, there were a total of 20 cores accompanying with two or more vibration
passes, and most of the continuous vibratory passes were finished in one minute for the
same location according to the IC records. The amplitude of roller and the RMV values
were checked to ensure that the roller was in stable behavior when the CMV value was
obtained. For project 2, there were a total of 25 cores accompanying with two or more
vibration passes. Simple linear regressions were performed between the difference in
1/CMV and core density, and the results are shown in Figure 4.5 and Table 4.3. For the
project 1, the difference in 1/CMV has a significant relationship with the core density
(Prob>|t|=0.0026), whereas the relationship is not significant for project 2 (Prob>|t|=0.077).
The correlation can be further improved by considering the factor of temperature.
According to Figure 4, both temperature and density can cause the change of asphalt
mixture modulus if other parameters are kept the same. The starting temperatures of
compaction were obtained from the IC records and a multivariate linear regression was
performed to include both the starting temperature and the difference in 1/CMV. It shows
that the starting temperature is a significant factor for both projects, and a much higher
correlation can be observed when compared to the simple linear regressions (Project 1:
R2=0.74, Adjusted R2=0.70; Project 2: R2=0.41, Adjusted R2=0.36).

(a) Project 1

(b) Project 2

Figure 4.5. Correlations between CMV variables and density
Table 4.3. Correlation Results between CMV Variables and Core Density
Project
1
2

R2
0.40
0.13

Adjusted R2
0.37
0.09

Linear equation
Density = 92.24 + 305.82*Difference in 1/CMV
Density = 92.73 + 16.36*Difference in 1/CMV
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The undesirable correlation results of project 2 can be partly explained by the effect
of CMV conversion. As shown in Table 2, following the decrease of underlying support,
the influence of underlying layers cannot be filtered effectively through this conversion.
This result is also due to the characteristic of CMV measurement. Adam and Kopf
investigated the relationship between ICMVs and soil modulus in 2004 (15), which
revealed the sensitivity of CMV to soil modulus within each operational mode. Their
research revealed that CMV will increase linearly with the increase of soil modulus during
partial uplift mode; however, it is insensitive to soil modulus during continuous contact
when below 10. For project 2, the asphalt base layer is relatively thick and soft comparing
to the asphalt surface layer, and the strength of underlying aggregate base layer is far
smaller than the strength of underlying asphalt layers in project 1. Therefore, the vibratory
roller was in a continuous contact behavior nearly half of the compaction time in project 2,
comparing to a partial uplift mode for project 1. Figure 4.6 illustrates the distributions of
CMV for one day for both projects. The correlation results of these two projects also have
something similar to the findings of Mooney et al. (4). In the research of IC soil compaction
systems in 2010, it was found that the roller ICMV is more sensitive to thin lifts when the
underlying subgrade is stiff (Similar to project 1), but it is insensitive to a stiff thin lift
placed directly over a soft subsurface (Similar to project 2).

(a) Project 1

(b) Project 2

Figure 4.6. Distributions of CMV
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4.7 Limitations and Potential Laboratory Evaluation
Though similar IC rollers were applied on both asphalt pavement projects, the potentials
of utilizing CMV to evaluate compaction level are different due to the properties of asphalt
layer(s) being compacted and the stiffness of underlying layers. When it seems that the
surface asphalt layer is more suitable for this approach, the problem is that at least two
vibration passes for the same location are needed to find the difference in 1/CMV, and only
one vibration pass is more common for the asphalt surface layer compaction. There were
four other resurfacing projects also applying IC technology in Tennessee during the same
time, but none of them could obtain enough CMV data.
Some other potential limitations of this study should be considered when interpreting
these results. A deformation modulus, measured from the drum, is an integral value which
will be influenced not only by underlying layers, but also by the plastic deformation of the
new asphalt layer. The plastic deformation is not considered in this study. The applicability
of the Witczak predictive model for such temperature and air voids ranges needs to be
verified further. However, the Asphalt Mixture Performance Tester (AMPT) is not
designed to measure the dynamic modulus of asphalt at high temperatures, and it is
necessary to verify the modulus using other test equipment. An MTS universal machine is
capable of applying various loading conditions at different temperatures and frequencies.
It is feasible to utilize the MTS universal machine to simulate the process of roller
compaction in the laboratory, and to evaluate the predictive model at high temperatures.
Layered specimens can be molded using a suitable compactor to simulate the road
structures in the future, and more studies are needed in the future to clarify the deformations
in different layers.

4.8 Conclusions
While having been successfully applied in soil compaction for many years, IC is still
relatively new for asphalt pavement compaction. Many factors such as temperature, nonlinear behavior and multi-layer conditions constrain the application of IC on evaluating the
compaction level of asphalt pavement. In this study, the possibility of utilizing CMV to
evaluate asphalt pavement density was explored through two IC projects in Tennessee. The
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displacements for the new asphalt layer and underlying layers under compaction were
analyzed using the original Witczak model and multilayer pavement analysis software
BISAR. A method was proposed to filter the effects of underlying layers on CMV and to
better correlate CMV and asphalt compaction degree. Further laboratory methods to
simulate the IC roller compaction were also discussed. The conclusions are summarized as
follows:
1. A theoretical analysis showed that the difference in 1/CMV of the same point can
filter the effect of underlying support on CMV and reflect the changes in
compaction degree of the new asphalt layer.
2. There was a strong correlation between the difference in 1/CMV and core density
for the resurfacing layer (Project 1), while no correlation could be found between
the original CMV and core density.
3. No significant relationship could be found between the difference in 1/CMV and
core density for the asphalt base layer (Project 2), mainly due to the properties of
the asphalt layer and the stiffness of the underlying layers.
4. The fact that CMV is sensitive to road modulus indicates that it is not suitable for
evaluating the compaction level of asphalt base layer.
5. A combination with asphalt temperature for a multivariate regression resulted in a
higher R2 value than any simple linear regression.
The proposed approach can improve the correlation between CMV and the asphalt
density. However, the accuracy of the method is not high enough for QC/QA application,
especially for the asphalt base layer. More factors should be considered in the future for
practical use.
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5.1 Abstract
Intelligent Compaction (IC) technology provides an innovative way for continuously and
instantaneously evaluating asphalt compaction quality. However, there is a lack of wellaccepted standard as to what IC parameters should be used and how they should be
interpreted during the compaction. In this study, by analyzing IC parameters in six asphalt
resurfacing projects in Tennessee， the feasibility of adopting IC parameters in IC
specifications for the asphalt compaction quality was evaluated. Comprehensive lab tests
were performed on the field cores, including bulk specific gravity, permeability, and
indirect tensile (IDT) strength. Results indicated that there is linear relationship among the
lab test results. Although there were no significant relationships between the final
Compaction Meter Value (CMV) and the core results, the difference in 1/CMV between
two passes in one project showed significant correlations with the lab results. Other IC
parameters, especially the starting surface temperature of the breakdown roller, also had a
strong correlation with the core density. Based on the results from this study, it is
recommended that three IC parameters: the difference in 1/CMV, the starting surface
temperature of compaction (>110 ℃), and the total number of passes (>2 passes), be
adopted for evaluating the compaction quality of the resurfacing asphalt.
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5.2 Introduction
There are some issues associated with the conventional methods for the density quality
control (QC) and quality acceptance (QA) of asphalt compaction (1; 19). The conventional
field density tests, either core-drilling or nuclear gauge test, are performed at selected spots
where the test results are used for evaluating the quality for the entire asphalt layer. The
density measurement on individual spots may result in the potential risk of misrepresenting
the actual asphalt quality. Furthermore, even if the conventional methods can identify the
weak areas, remedial actions are either impossible or expensive in that the compaction
procedure is already finished. Nowadays, the advent of intelligent compaction (IC)
technology may overcome the existing issues of current density QC/QA system.
IC technology was initiated in Europe for soil compaction in the 1970s, and a growing
number of IC rollers are also used for the asphalt compaction nowadays (4). According to
the Federal Highway Administration (FHWA) (2), IC is an improved compaction process
using rollers equipped with an integrated measurement system including a highly accurate
Global Positioning System (GPS), accelerometers, onboard computer reporting system,
and infrared thermometers. IC rollers can maintain 100 percent coverage information
including the number of roller passes, compaction level, and temperature measurements.
The IC roller basically records the machine–ground interaction data from an accelerometer
that is mounted to the roller drum, and simultaneously calculates the IC measurement
values (ICMV) as an index related to the material stiffness (13; 14). With 100 percent
coverage, the IC technology can be a significant improvement over traditional QC/QA
procedures involving tests at discrete point locations, and helps to evaluate the pavement
performance under various situations (40).
While promising, current IC technology is still a relatively new technology for the
asphalt compaction. Many factors such as non-linear behavior of roller and road interaction
and multi-layer conditions limit the application of IC in the asphalt compaction. Strong
linear relationships are rare to find between ICMVs and point tests of asphalt pavement,
especially for the density measurements (19-21). Thus, further researches are necessary to
improve the application of IC for the asphalt compaction. In 2013, FHWA recommended
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IC specifications for asphalt materials based on the experiences of IC pooled fund and state
projects, and encouraged the Department of Transportations (DOTs) to modify them to
meet the specific state needs (41). The FHWA IC specifications recommended that test
sections be evaluated to verify the mixture volumetric values and to determine a
compaction curve of the asphalt mixtures with regard to the number of roller passes and to
the stiffness of mixture. In addition, FHWA defined the target ICMV as the point when the
increase in ICMV of the material between passes is less than 5 percent on the compaction
curve. As an IC construction operation criterion, FHWA recommended that a minimum
coverage of 90% of the individual construction area shall meet or exceed the optimal
number of roller passes and 70% of the individual construction area shall meet or exceed
the target ICMV values determined from the test sections. Since then, many DOTs have
developed their own asphalt IC specifications based on the FHWA specifications. Some
modifications are basically focused on the terms of payments and the compaction
acceptance.
Although the compaction processes seem similar for the different asphalt layers, the
situations are distinct due to the changes in the layer thickness and underlying supports.
For the asphalt base layer, it is usually thick and has a weak underlying aggregate support;
whereas the asphalt surface or resurfacing layer is relatively thin and has a strong
underlying asphalt supporting layer. Various combinations of layers may result in different
drum behaviors such as continuous contact or partial uplift, which eventually affect the
potential of utilizing ICMV for asphalt compaction evaluation (4; 10). In the authors’
another study, it was found that unlike the asphalt surface layer, the vibratory roller may be
in a continuous contact behavior during the asphalt base layer compaction, indicating that
the ICMV is not suitable for evaluating the compaction level of the asphalt base layer (42).
Some DOTs have considered this difference and modified the specific IC specifications for
different asphalt layers. California DOT regulates that ICMV be not collected for stiffness
when the compacted asphalt layer is less than 4.5 cm (43). As for a thickness of 4.5 cm or
greater, IC rollers provide additional real time QC for the asphalt density based on ICMV
that is correlated to the specified asphalt target density. California DOT also specifies that
the number of roller passes, asphalt temperature and ICMVs be for report only and not used
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for compaction QA. In the southeastern area of the United States, most asphalt resurfacing
projects were constructed with similar mixtures and compaction procedures. In Tennessee
alone, over 3,200 km state and interstate roads are resurfaced each year, and an increasing
number of resurfacing projects are beginning to apply the IC technology. However, how to
utilize the IC parameters for the resurfacing projects in this area continues to be a major
challenge and impedes the application of IC technology in asphalt compaction.

5.3 Objective and Scope
The objective of this study is to evaluate the feasibility of utilizing IC parameters for
evaluating the construction quality of asphalt resurfacing so that they can be served as a
supplement for the traditional QC/QA procedures. Core samples from six resurfacing
projects in Tennessee were collected for this study. Lab tests, including density,
permeability and indirect tensile strength (IDT), were performed. Additional IC data were
also collected and analyzed, such as number of roller passes, surface temperature and
ICMV. Linear models were utilized to identify the factors affecting the compaction quality
of resurfacing layer.

5.4 Data Preparation and Background
5.4.1 Data preparation
In the IC technology, several different measurements are obtained during the compaction
process, including GPS roller position and speed, number of roller passes, surface
temperature and ICMV. Six asphalt resurfacing projects applying IC technology had been
constructed in Tennessee between October 2013 and December 2014, and all projects were
consisted of a 3.2 cm thick overlay on an existing asphalt pavement in accordance with the
Tennessee Department of Transportation (TDOT) specification. The IC data were uploaded
from the roller to the IC provider’s website in real time, and both the contractor and the
agency can access and analyze the IC data after the compaction. Around thirty cores for
each project were collected after the compaction and lab tests including core density,
permeability and IDT were performed. The selection of core locations was based on two
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concerns: One is the feasibility of using IC data to identify weak areas; another is to
correlate IC data with asphalt quality for the QC/QA purpose. For the first four projects,
the cores were divided into two groups for each project: One group contains cores
associated with adverse IC records such as insufficient passes, low surface temperature or
extremely high or low ICMV values, whereas the other group cores were randomly selected.
For the subsequent two projects, all cores were randomly selected. Table 5.1 and Figure
5.1 show the basic information for six projects. The number of vibratory passes reveals
how many vibratory passes of the breakdown roller were recorded for the same location.
The asphalt job mix formulas are presented in Table 5.2. This type of asphalt resurfacing
has been successfully applied by the TDOT for many years. As shown in Table 5.1 and 5.2,
the asphalt mixing ratios for different projects were similar, but the projects were
compacted under various rolling compaction combinations and construction time.
5.4.2 IC measurement value (ICMV)
Different vendors use different types of ICMV, with the same purpose of evaluating the
level of compaction (19). Since all rollers in these six resurfacing projects used the
vibratory-based Compaction Meter Value (CMV) as the ICMV, a brief description of CMV
is provided here.

(a) Project 1

(d)Project 4

(b) Project 2

(e) Project 5
Figure 5.1. Different IC rollers
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(c) Project 3

(f) Project 6

Table 5.1. Information of projects
Project

Number
of cores

Breakdown
roller

Intermediate
roller

1

30

2

30

HAMM
HD120
HAMM
HD120

3

30

4

15

5

30

HAMM
HD120
Ingersoll
Rand DD110HF
CAT
CB54B
HAMM
HD120
BOMAG
278AD

6

30

SAKAI
4000VPM
HAMM
HD120
Ingersoll
Rand DD110HF
HAMM
HD120

HAMM
HD120

Number of
vibratory
passes
1

Compaction

Location
(county)

Day

Crockett

0

Day

Lincoln

>2

Day

Hamilton

0~1

Night

Knox

0

Day

Davidson

1

Day

Dyer

Table 5.2. Job Mix Formula
Project

Aggregate
Gradation

Mix
Properties

Sieve Size
15 mm
12.5 mm
9.5 mm
4.75 mm
2.36 mm
0.6 mm
0.3 mm
0.15 mm
0.075 mm
AC content, %
AC Binder (PG)

1
100
97
88
68
52
29
17
9.4
6.2
6.2
70-22

Percent Passing, %
2
3
4
5
100
100
100
100
98
99
98
98
88
92
64
87
65
57
58
66
44
36
42
51
25
24
23
29
13
12
12
13
7.7
4.9
7.0
7.8
5.4
3.6
4.7
5.3
5.9
6.1
5.7
5.7
70-22
7064-22
64-22
22

62

6
100
99
93
66
48
29
16
7.9
5.8
6.0
70-22

Developed by Geodynamik, CMV is a dimensionless compaction parameter that
depends on roller dimensions (i.e., drum diameter and weight) and roller operation
parameters (e.g., frequency, amplitude, and speed)，and is determined using the dynamic
roller response (44). The drum of a roller applies periodic impacts to pavements similar to
a dynamic plate load test. It was found that the force amplitude of the blows is proportional
to the first harmonic of the vertical acceleration of the drum, and the displacement during
the blow can be expressed by the amplitude of the double integral of the fundamental
acceleration component (13; 45). Therefore, a “cylinder deformation modulus” CMV is
calculated as follows:
𝐶𝑀𝑉 = 𝐶 ×

𝐴2𝛺
𝐴𝛺

(5-1)

Where C=constant; A2Ω=acceleration of the first harmonic component of the vibration;
AΩ =acceleration of the fundamental component of the vibration (13). A standardized
vibratory compactor or roller with a same setting can be used to assess the stiffness of the
compacting layer similar to an Falling Weight Deflectometer (FWD) equipment or a platebearing test (14; 28).
5.4.3 Permeability test
The constant-head permeability test method was used to test the permeability of cores. In
this test, water is forced by a known constant pressure through a core specimen of known
dimensions and the rate of flow is determined (46). The permeability “K”, is calculated
from the following formula:
K = Q/iAt

(5-2)

Where Q = quantity of water discharged
i = the hydraulic gradient = H/L
where: H = head of water
L = height of sample
A = cross-sectional area of specimen
t = elapsed time
Most of cores were tested using the permeability apparatus, except some cores of
project 5 and 6 due to the unfitted dimension.
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5.4.4 Indirect tensile strength (IDT)
Evaluating the tensile strength of asphalt concrete is important since tension is developed
at the bottom of the asphalt layer under traffic loads. IDT test is applied by using two
curved loading strips moving with a rate of deformation of 51 mm/min. (2 in./min.). Tensile
stresses are developed in the horizontal direction, and when these stresses reach the tensile
strength, the specimen fails in tension along the vertical diameter (47). The test was
performed under ambient temperature. The indirect tensile strength is calculated as:
2𝑃

𝜎𝑡 = 𝜋𝑡𝐷

(5-3)

Where 𝜎𝑡 = tensile strength, MPa (psi)
P = load at failure, N (lb)
t = thickness of specimen, mm (in.)
D = diameter of specimen, mm (in.)

5.5 Results and Discussions
5.5.1 Identification of weak areas
One advantage of IC is the ability of identifying potential weak areas. As mentioned before,
IC technology was initiated for the soil compaction, therefore the original IC specifications
were applied on soil compaction in countries including Austria, Germany and Sweden. The
German specifications for earthwork QC/QA using IC can be specified in two ways (4).
First, IC can be implemented through initial calibration of ICMVs to Plate Load Test (PLT)
modulus or density and subsequent use of the correlation during QA. A second approach
uses IC to identify weak areas for spot testing via PLT, or density methods. The Swedish
specifications also permit the use of IC to identify weak spots for PLT.
Derived from the IC specifications for the soil compaction, the FHWA IC
specifications for asphalt materials do not specify the use of IC to identify weak areas of
asphalt layer; however, the specifications recommend pre-paving mapping with an IC roller
of the existing support materials in order to identify the weak areas of underlying layers.
And the IC construction operations criteria about the optimal number of roller passes and
target ICMV value also imply the identification of weak areas of asphalt layer, since it is
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regulated that construction areas not meeting the IC criteria shall be investigated.
Several laboratory methods are available for density measurement based on the
microstructure and void content of asphalt mixtures (48). In this study, the CoreLok method
(ASTM D 6752) was used to test the bulk specific gravity of core samples. Using 92%
maximum specific density (Gmm) as the criterion for the weak points, core samples from
six projects were evaluated with the associated IC data. For the first four projects, there are
22 cores out of total 105 cores which densities are under 92% Gmm, and most of them
belong to the group associated with insufficient passes, extremely low CMV or low surface
temperature. There are also two weak cores in project 3 associated with an abnormal
number of vibratory passes (9 and 10 vibratory passes respectively), resulting in the issue
of over-compaction. For the other two projects with all randomly selected cores, only two
cores are under 92% Gmm, and unsurprisingly, these two cores were also associated with
relatively low surface temperature: a starting surface temperature of breakdown roller
under 200 °F (93 ℃) when the average temperature of cores is 237 °F (114 ℃). According
to the statistic results of core densities, the weak compaction areas of the resurfacing layer
could be accurately identified using the IC records. The weak cores and the corresponding
IC data of project 2 are presented in Table 5.3. It should be noted that most of weak core
samples were located on the edge of the pavement.

Table 5.3. Weak cores and the corresponding IC data of project 2
Core No.

%Density

Breakdown roller
Number of Start

Intermediate roller
Temp Number of Start

passes

(°F)

passes

(°F)

1

86.3

1

180.7

1

136.2

2

83.4

1

171.1

0

NA

3

89.8

1

183.2

0

NA

4

86.4

1

185.7

0

NA

19

91.0

1

212.2

0

NA

Mean of all cores

93.9

3.0

245.3

4.0

224.3
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Temp

5.5.2 Correlation analyses
Correlations among core test results
Core density, IDT and permeability of cores were tested in this study to explore any
potential relationship between IC data and the properties of asphalt mixture. Before the test
results were correlated to the IC data, the results of core tests were firstly examined to
determine the relationships among these properties of asphalt. Table 5.4 shows the
correlation results among core density, permeability (K) and IDT strength. An absolute
correlation value closer to 1.0 means a more linear dependent relationship of the two
variables. As shown in Table 5.4, the density of cores for all projects correlated stably with
both the permeability and IDT strength, while there is a fair good relationship between
permeability and IDT strength for most projects. A scatterplot matrix is an ordered
collection of bivariate graphs which demonstrate the relationships between multiple
variables simultaneously. Figure 2 demonstrates the scatterplot matrix of project 1 and 2.
As shown in Figure 5.2, there was linear relationship among these test results.

Table 5.4. Correlation pairs among various measurements of cores
Project
1
2
3
4
5
6

Density vs K
-0.81
-0.72
-0.87
-0.82
na
-0.77

Density vs IDT
0.91
0.85
0.82
0.61
0.73
0.82

K vs IDT
-0.84
-0.79
-0.69
-0.47
na
-0.79

Note: na = not applicable

(a)

(b)

Figure 5.2. The scatterplot matrixes of (a) Project 1 and (b) Project 2
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Correlations between core test results and CMV
All rollers in the six resurfacing projects could obtain the CMV value when the roller is in
a vibratory mode, which is designed to evaluate the stiffness or strength of pavement to a
certain depth. The project 2 and 5 applied the static compaction process with no CMV
obtained, and the project 4 only had four cores accompanied with CMV value. Therefore,
the correlation analyses were performed between the test results of cores and the final CMV
value for project 1, 3 and 6. As shown in Table 5.5, only the permeability tests of project 1
had a significant relationship with the last CMV value. Many factors may contribute to
these poor correlations, including the non-linear behavior of an IC roller under specific
conditions; the effect of paving temperature on ICMV while core tests are measured at
room temperature. More importantly, CMV actually measures a combined stiffness of
pavement structure up to a certain depth, usually greater than the asphalt layer thickness
(4). Therefore, the effects of the underlying layers on CMV cannot be ignored. In another
study by the authors (42), the original Witczak model and the multi-layered pavement
analysis software BISAR were utilized to analyze the deformation of pavement under
compaction. Using the job mix formula and the roller’s compaction frequencies, the
dynamic modulus of the newly placed asphalt mixture was calculated for the possible range
of air voids and temperature during compaction. The displacements were further calculated
for the top and underlying layers during compaction. It was found that with the progress of
the compaction, the displacement of the top layer decreases and the final CMV mainly
reflects the stiffness of the underlying layers for the resurfacing projects. The results
revealed that the final CMV cannot be adopted to evaluate the resurfacing asphalt quality
directly.
To improve the correlation between CMV and asphalt properties, the influence of the
underlying support on CMV should be eliminated. In the authors’ another study, it was
found that for the resurfacing project, there is no significant change on the displacements
of the underlying layers under compaction for different passes comparing to the
displacement of resurfacing layer, therefore, a theoretical analysis showed that the
difference in 1/CMV between two passes may filter the influence of the underlying support
on CMV, and mainly reflects the changes of the displacement and modulus for the new
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asphalt layer (42). To calculate the difference in 1/CMV between two passes, at least two
vibration passes for the same location are necessary. According to Table 1, project 3 meets
the requirements and the difference in 1/CMV was further correlated to the core test results.
As shown in Table 5.5, it had a significant relationship with both the core density and IDT
strength. It should be noted here that the intervals between two passes for project 3 were
usually less than one minute, so the changes of temperature did not affect the modulus of
asphalt dramatically.
The correlation between the difference in 1/CMV and the properties of asphalt offers
the possibility of utilizing the CMV value to monitor the asphalt compaction quality.
Nowadays, the nuclear density gauge is a usual tool to trace the change of asphalt density
for the same location between passes, and to determine the optimal number of passes for
the asphalt compaction. In this study, the correlation analysis shows that the difference in
1/CMV for the same location can also be used to monitor the change of the asphalt
properties with less human and material costs.
Correlations between core test results and other IC data
Four other parameters can be directly obtained or derived from the IC records: the number
of passes of the breakdown roller (Roller 1 passes); the starting surface temperature of the
breakdown roller (Roller 1 temp); the number of passes of the intermediate roller (Roller
2 passes); the starting surface temperature of the intermediate roller (Roller 2 temp). One
advantage of utilizing these parameters is that they can be obtained in all compaction

Table 5.5. Correlation results between various test results of cores and CMVs
Project

Density

K (Permeability)

IDT

R2

p-Value

R2

p-Value

R2

p-Value

1 (Last CMV)

0.04

0.3394

0.30

0.0098

0.10

0.1397

3 (Last CMV)

0.11

0.1522

0.15

0.1091

0.13

0.1166

6 (Last CMV)

0.00

0.8644

na

na

0.00

0.8231

3（1/CMV）

0.40

0.0026

0.16

0.0948

0.29

0.0170
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modes, whereas CMV is only available in the vibratory mode.
The linear correlation analyses were performed between lab test results and the
selected IC parameters. As shown in Table 5.6, there was a stable and significant
relationship between starting surface temperature of the breakdown roller and core
densities for almost all projects, when the number of passes of the breakdown roller has a
significant relationship with core densities for project 1and 2. As for the intermediate roller,
the starting surface temperature and the number of passes have a similar but weaker
relationship with core densities comparing to the breakdown roller. If the data of all the six
projects were considered, the starting surface temperature of the breakdown roller is still
the most significant factor for the asphalt density, followed by the starting surface
temperature of the intermediate roller, the number of passes of the intermediate roller and
the breakdown roller. The correlation analyses between permeability and IDT strength and
IC data were also performed.
In general, the significant relationships between permeability and IDT strength and the
parameters of the breakdown roller existed in two projects, when almost no significant
relationship could be identified for the parameters of the intermediate roller. Based on the
analysis results, the asphalt density has a most significant correlation with the parameters
of IC roller among various core tests. On the other hand, the starting surface temperature
of the breakdown roller is the most important factor for the asphalt quality, regardless of
which compaction pattern was chosen for the resurfacing projects.

Table 5.6. Correlation results between various IC measurements and core densities
Project
(Density)

Roller 1 passes
2

Roller 1 temperature

R

p-Value

R

p-Value

R

p-Value

R2

p-Value

1

0.42

<.0001

0.21

0.0092

0.21

0.0136

0.15

0.0383

2

0.23

0.0111

0.24

0.0085

0.21

0.0165

0.48

0.0006

3

0.06

0.17

0.30

0.0019

0.02

0.5352

na

na

4

0.10

0.2636

0.22

0.0916

0.02

0.6233

0.07

0.3987

5

0.01

0.6453

0.22

0.0199

0.00

0.8652

0.19

0.0294

6

0.06

0.1828

0.41

0.0001

0.00

0.9023

0.05

0.2556

All

0.04

0.0148

0.23

<.0001

0.10

0.0002

0.14

<.0001

2
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Roller 2 passes
2

Roller 2 temperature

5.6 Recommendations for the Asphalt Resurfacing Quality Evaluation
Based on the results from the correlation analyses, as it depends on the stiffness of
underlying layers, the final CMV value may not be capable of evaluating the quality of
resurfacing layer directly. However, one may find that the change of CMV between passes
for the same location can filter out the effect of the underlying support and improve the
correlation results to the asphalt properties. Other IC parameters, especially the starting
surface temperature of the breakdown roller, are also helpful to identify the quality of
asphalt resurfacing compaction. In fact, the Minnesota Department of Transportation
(MNDOT) has attempted to evaluate the temperature records for quality management in
the latest specification. Using paver mounted infrared temperature equipment, the segment
temperature differential is determined by masking out paver stops and then cutting the
lowest 1% and the highest 1.5% of the readings. The monetary price adjustments will be
made based on the degree of temperature differential (49). It should be noted that this
temperature records are from the paver not the roller, therefore the real compaction
temperatures may vary depending on the compaction patterns. Also, this specification is
more concerned about the temperature segregation, rather than the explicit compaction
temperatures.
The quality of asphalt compaction is influenced by many factors including the
environmental factors, the mix property factors and construction factors. Factors such as
gradation, binder content and lift thickness will also affect the compaction directly;
therefore, it is appropriate and necessary to focus on the same asphalt layer with similar
mixture properties and lift thickness when recommending IC parameters for the asphalt
compaction. As for the resurfacing projects in this study with similar mixture properties
and same thickness, the most important factor for the compaction will be the asphalt
temperature: as asphalt temperature decreases, the binder becomes more viscous, and
finally no further reduction in air voids can be reached when it drops to the cessation
temperature. Figure 3 shows the scatter plots between the asphalt density and the starting
surface temperature of the breakdown roller. Among 23 cores which density is below 92%
Gmm, there are 20 cores accompanying with a starting surface temperature under 110 C
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(230 F°). However, the temperature cannot be served as the only criterion since some cores
with an accepted density are also in the range of low temperature as shown in Figure 5.3.
Further investigation focusing on the cores with starting surface temperature under 110 C
revealed that most cores within the acceptable density range have a total number of passes
larger than two (including breakdown and intermediate roller), whereas most weak cores
(density < 92% Gmm) have a total number of passes equal to or less than two.
Based on the results in this study, unlike the FHWA IC specifications, the target ICMV
value is not suggested for the asphalt resurfacing compaction since the final ICMV value
can be influenced by the underlying layer. As an alternative, the difference in 1/CMV, the
starting surface temperature of compaction (>110 C) and the total number of passes (>2
passes) are suggested for the resurfacing project, and the construction areas not meeting
the criteria shall be investigated.
The use of the difference in 1/CMV is optional since the static compaction can also
achieve a desirable asphalt density for the resurfacing project. For the project with a
vibratory compaction, it is suggested that the correlation between the difference in 1/CMV

(a) Project 1

(b) Project 2

(c) Project 3

(d) Project 4

(e) Project 5

(f) Project 6

Figure 5.3. Core density and surface temperature
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between two passes and the asphalt properties should be established during the test section,
and the daily CMV data should be checked based on the correlation results. It also should
be noted that the surface temperature is not as same as the inner temperature of asphalt
mixture, and the water used on the drums may drop the surface temperature significantly;
however, as a parameter which can be directly obtained from the IC record, utilizing the
surface temperature for the compaction of resurfacing project is simple and applicable.

5.7 Conclusions
In this study, IC parameters from six resurfacing projects in Tennessee were collected and
evaluated for estimating the asphalt compaction quality. Field cores were taken from these
projects and tested in the laboratory for density, permeability, and indirect tensile (IDT)
strength. The lab results were correlated to different IC parameters. Based upon the results
of correlation analyses, it is recommended that three IC parameters be used for evaluating
the compaction quality of resurfacing project. The following conclusions can be drawn
from this study:
6. As expected, the density of the cores from all projects showed a strong correlation
with the permeability and IDT strength; whereas, the permeability of core samples
correlated well with IDT strength for most projects.
7. There was no significant relationship between the final CMV and core test results
due to the effects of the underlying layers on CMV. A theoretical analysis showed
that the difference in 1/CMV between two passes can filter the influence of the
underlying support, and mainly reflects the changes of the new asphalt modulus. A
correlation analysis indicated that the difference in 1/CMV between two passes had
a significant relationship with asphalt properties.
8. As the most important factor for asphalt compaction among IC parameters, the
starting surface temperature of the breakdown roller had a stable and significant
relationship with core densities for all projects.
9. Based on the test results, it is recommended that three IC parameters be selected
for evaluating the quality of the resurfacing project: the difference in 1/CMV, the
starting surface temperature of compaction (>110C), and the total number of
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passes (>2 passes).
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CHAPTER SIX
GEOSTATISTICAL ANALYSIS OF INTELLIGENT COMPACTION
MEASUREMENTS FOR ASPHALT PAVEMENT COMPACTION
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6.1 Abstract
Although unable to address the issue of spatial uniformity, univariate statistics are
commonly used to evaluate the compaction uniformity of asphalt layers nowadays.
Intelligent compaction (IC) technology can provide the spatial IC measurement values
(ICMV) with 100% coverage during compaction and offers an opportunity to perform the
geostatistical analysis on the compacted asphalt layers. In this study, the construction
quality of two typical asphalt pavement projects, including one new pavement construction
project and one resurfacing construction project, were evaluated by performing
geostatistical analysis for ICMV. Some critical issues regarding the use of geostatistical
method for the evaluation of construction quality were also addressed by the case studies.
The results from the geostatistical analyses show that IC technology can offer detailed
information about spatial compaction uniformity. Upon comparison of the spatial
uniformity between different layers, the semivariogram after the normal score
transformation was suggested due to the measuring depths of the IC roller. The spatial
statistics of ICMV could be adopted to monitor the changes in spatial uniformity during
compaction. The factors affecting ICMV and geostatistical analysis were further discussed.

6.2 Introduction
A widely-recognized criterion for pavement compaction is to achieve a uniform and
desirable density. Nowadays, univariate statistics are typically used to describe the
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uniformity of compacted asphalt. However, univariate statistics are incapable of addressing
the issue of spatial uniformity (50; 51). Two datasets with identical mean and variance
values can have distinct spatial characteristics, therefore, it is necessary to combine the
method of geostatistical analysis to better quantify spatial uniformity, improve process
control, and identify the poorly compacted locations during asphalt compaction.
A fundamental assumption of geostatistics is the existence of spatial autocorrelation
(52), which can be simply described as the phenomenon that in the vicinity of large values
there are other large values, while small values may close to other small values. Although
constant material inputs are generally used in pavement design, the engineering properties
of asphalt mixtures can vary significantly in the spatial direction. Geostatistical analysis
tools including the semivariogram model are useful for evaluating the spatial variation and
the performance of asphalt layers (50). An increasing number of studies have been
conducted to understand the effect of spatial variability on the actual performance of
pavement structures (44; 53). However, detailed information with accurate location
identification is essential for geostatistical analysis, and the conventional point-wise
measurements for asphalt compaction are difficult to meet the requirements (1).
Intelligent compaction (IC) technology was applied to soil compaction initially in the
1970’s (4), it was then further utilized for asphalt compaction. IC roller are usually
equipped with Global Positioning System (GPS), accelerometers, infrared thermometers,
and an onboard computer (2). IC can provide real-time spatially referenced compaction
measurements with 100% coverage, which is a radical change from the conventional spot
density measurements of the asphalt layer (26). The machine-ground interactions are
evaluated by sensors such as accelerometers or torque sensors, and recorded as the IC
measurement values (ICMV) with a default data mesh size around 1.0m*0.15m (22). The
spatially referenced ICMV data offer an opportunity to perform geostatistical analysis on
the asphalt layer. Some researchers have performed geostatistical analysis to evaluate the
compaction uniformity using IC technology (4; 12; 22; 44; 53-56). However, these studies
either focused on the application of soil compaction or introduced it briefly as a function
of IC technology. Therefore, the utilization of the ICMV for asphalt layer compaction
remains a challenge due to many factors including the measuring depth of IC rollers, and
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asphalt temperature changing. With suitable geostatistical models, the benefit of ICMV
should be utilized and new insights into the spatial uniformity of asphalt layers should be
developed.
The objective of this paper was to examine whether geostatistical procedures are
suitable for analyzing the uniformity of asphalt layers during compaction. Utilizing the
semivariogram model, the spatial variability of asphalt layers from two projects in
Tennessee were analyzed using both ICMV data and conventional point-wise
measurements. The results of the spatial statistics and univariate statistics were compared
to identify the model’s capacity in characterizing spatial uniformity, and challenges
involved in performing the geostatistical analysis for the asphalt compaction using the IC
technology were also identified.

6.3 Background
6.3.1 Compaction meter value (CMV) and resonant meter value (RMV)
In the two asphalt projects, the vibratory-based Compaction Meter Value (CMV) was used
as the ICMV, which is a dimensionless compaction parameter that depends on roller
dimensions and roller operation parameters. The drum of a vibrating roller provides
periodic impacts to the pavement similar to a load test on the pavement. It was found that
the compaction level had a significant relationship with the ratio between the first harmonic
frequency’s amplitude and the fundamental frequency’s amplitude (13). CMV is
determined using the dynamic roller response and calculated as follows (10):
𝐶𝑀𝑉 = 𝐶 ×

𝐴2𝛺

(6-1)

𝐴𝛺

Where
A2Ω=acceleration amplitude of the first harmonic component of the vibration
AΩ =acceleration amplitude of the fundamental component of the vibration
C=constant.
Previous studies revealed that a standardized roller or vibratory compactor keeping a
constant setting can be used to evaluate the stiffness of the compaction layer with 100%
coverage (28). The resonant meter value (RMV) is also measured by the roller to indicate
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the changes in drum behavior as follows:
𝑅𝑀𝑉 = 𝐶 ×

𝐴0.5𝛺

(6-2)

𝐴𝛺

Where A0.5Ω= subharmonic acceleration amplitude. RMV close to zero indicates that the
drum is in a continuous contact. If the RMV is far great than zero, the drum may enter a
rocking or chaotic mode, resulting in an inconsistency in CMV value. Several previous
studies have demonstrated that the CMV measurements are affected by drum behaviors (15;
16). Therefore, the RMV measurements should be checked when interpreting the CMV
measurements.
6.3.2 Geostatistical model
Unlike univariate statistics, geostatistics focuses on spatial datasets with the semivariogram
as a common tool to describe spatial relationships in many earth science applications. The
semivariogram is defined as one-half of the average squared differences between data
values with a certain distance (57). If this value is calculated repeatedly for different
distance, a semivariogram plot can be obtained as shown in Fig. 6.1 (44). The experimental
semivariogram 𝛾(ℎ) is calculated as follows:
1

𝑛(ℎ)
𝛾(ℎ) = 2𝑛(ℎ) ∑𝑖=1 [𝑧(𝑥𝑖 + ℎ) − 𝑧(𝑥𝑖 )]2

(6-3)

Where h= lag distance; z(xi)=measurement taken at location xi; n(h)=number of data pairs
for lag distance h of a specific lag area (52).
Three main parameters of a semivariogram plot are Range, Sill and Nugget, as
shown in Figure 1. The distance for the semivariogram reaching the plateau is called the
Range. Sample locations separated by distances greater than the Range are not spatially
autocorrelated, whereas locations closer than the Range are autocorrelated; therefore,
longer range values indicate better spatial continuity. Furthermore, the Sill is defined as the
plateau that the semivariogram reaches at the range. The sill for a semivariogram is
approximately equal to the variance of the data, measuring how far a set of data are spread
out from its mean. Theoretically, the value of semivariogram is equal to zero at h=0;
however, variability in very short scale may result in a significant dissimilarity between
sample values separated by extremely short distances. Lastly, the Nugget is applied to
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describe a discontinuity at the origin of the semivariogram caused by this phenomenon.
To give an algebraic formula for the relationship between semivariogram values at
specified distance, a theoretical model (the exponential semivariogram curve in Figure 6.1)
is usually fitted to the experimental values. Some commonly models to fit an experimental
semivariogram include linear, spherical, exponential and Gaussian models. For IC
technology, the exponential model fits well with most of the experimental semivariograms,
and practically no other theoretical models have been adopted in previous studies (44; 55;
56). In this study, the exponential model is utilized to fit the experimental semivariograms
of the two projects.
If the data values are not stationary and show a systematic trend, the trend needs to be
removed prior to modeling a semivariogram (44). To increase the data’s univariate
normality which be required by many interpolation and simulation methods, the data can
be converted to normal scores (52). After the transformation, the data will have a normal
distribution with a mean of zero and a variance of one. However, this operation is optional,
and the meaning of the semivariogram parameters may be difficult to interpret after the
transformation. In this study, both the semivariograms before and after the transformation
were analyzed and compared to find a preferable model to evaluate the asphalt compaction.
Geostatistics can also be used to predict a value at unsampled locations based on
values at sampled locations. Kriging is a stochastic interpolation procedure that creates
“smoothed” contour maps of CMV or other IC measurements, which can be used to analyze

Figure 6.1. Typical sample semivariogram
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nonuniformity and compare the maps (58). Results from Kriging are demonstrated later in
this paper.

6.4 Case Studies
CMV obtained from two case studies were analyzed using geostatistical models in the
ArcGIS software, and other IC recordings such as RMV and vibration amplitude were also
checked to clarify their influences on the CMV value. The trend of the data was checked
using the trend analysis tool in ArcGIS, and no obvious trend was found. Two projects in
this study demonstrate two typical scenarios for the asphalt compaction respectively. The
first project is a new asphalt pavement including an aggregate base, bituminous base layer,
bituminous binder layer and surface layer, while the other project is a resurfacing project
including only one thin resurfacing layer.
6.4.1 Project 1: new pavement construction project
A new asphalt pavement project was constructed in Davidson County, Tennessee，in 2014.
Three asphalt layers, including a base layer, binder layer, and surface layer with a thickness
of 10.2 cm, 4.4 cm and 3.2 cm respectively, were constructed on an aggregate base layer
in accordance with the Tennessee Department of Transportation (TDOT) specification.
As shown in Figure 6.2 (a), a IC vibratory roller, Ingersoll Rand DD-110HF, served as
the breakdown roller for all the three asphalt layers. The roller operated at an amplitude of

(a) Rollers for asphalt compaction

(b) Roller for aggregate base compaction

Figure 6.2. Rollers with IC equipment
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approximately 0.45 mm and a frequency of 55 Hz when in vibration mode. Another roller
was kept in static mode for intermediate rolling. The IC rollers were operated by the same
operators with the same roller parameters such as speed and frequency for all the asphalt
layers, which offers a basis for the comparison of the geostatistical models among different
layers. The aggregate base layer was compacted by a single drum vibratory roller with the
same IC system, CAT CS54. To explore any correlation between the aggregate base layer
compaction and the asphalt layer compaction, the geostatistical analysis was performed on
the CMV of both the aggregate base layer and the asphalt layers. A total of 30 cores within
a length of 300 m were randomly collected for each asphalt layer after the compaction. All
the core locations were recorded and the lab densities (Gmm%) were measured. The
possibility of utilizing the conventional point-wise measurements for the geostatistical
analysis was also checked using the cores data.
For the same section of the pavement in which the cores were collected, the
geostatistical analysis tool in the ArcGIS was used to check the data, obtain the
semivariogram and create the contour maps using the Kriging method. A summary of
spatial and univariate statistics of CMV for different layers are presented in Table 6.1. Both
the original semivariogram and semivariogram after the normal score transformation were
included for comparison. After the transformation, the data showed a normal distribution
with a mean of zero and a variance of one. As shown in Table 6.1, all the Sills for different
layers are close to one after the transformation.
Table 6.1. Spatial and univariate statistics of CMV for different layers
Layer

Univariate

Semivariogram

Semivariogram

statistics

μ

σ

with

normal score
Nugget

Sill

Range

Nugget

Sill

(m)

Sample
size

Range
(m)

Aggregate base

43.9

31.8

159.1

947.3

19.0

0.2

1.0

23.7

76696

Asphalt base

10.2

4.6

3.7

19.4

12.9

0.2

0.9

17.6

57555

Asphalt binder

17.6

9.1

11.5

80.2

13.0

0.2

1.0

16.1

68749

Asphalt surface

30.7

16.1

0

285.5

11.4

0

1.1

10.3

5353
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The CMV of the aggregate base layer has the largest mean and standard deviation, and
the sill and range values of this layer are also significantly different from that of the asphalt
layers. Though using the same IC system, the single drum vibratory roller for the aggregate
compaction had significant differences from the double drum vibratory roller for the
asphalt compaction in many aspects. Besides the disparity in weights, the single drum
vibratory roller had a frequency of 30 Hz and an amplitude of 2.5 mm, comparing to a
frequency of 55 Hz and an amplitude of 0.45 mm for the double drum roller. Moreover, it
is obvious that the machine-ground interactions were different for the aggregate and asphalt
layer. Since the Nugget and Sill values of the original semivariogram were affected by the
CMV value, it was suggested that the semivariogram after the normal score transformation
be used to track the changes in spatial variation between layers, and in this project, the
larger range value for the aggregate base indicates a better spatial continuity than the
asphalt layers when considering the CMV value only.
Figure 6.3 shows the semivariograms after the transformation for different layers using
both CMV and core densities, which demonstrates the benefit of IC technology. As shown
in Figure 6.3 (a), the experimental dots of CMV fit well with the exponential curves for all
the layers except the asphalt surface layer. An examination on CMV data indicates that the
roller was usually operated in a static mode for the surface layer, resulting in an inadequate
sample size for spatial statistics (only one tenth of sample size of other asphalt layers as
shown in Table 1). On the other hand, although 30 cores for each layer were collected
within a length of 300 m, which had a much higher sampling density than routine quality
inspection, no spatial trend could be observed for all the layers using core data as shown in
Figure 6.3 (b). In other words, the conventional point test results at limited locations cannot
capture the spatial variation of the compaction. Even if the core tests could identify the
weak locations, determining the area for remedial action remains a challenge as no spatial
autocorrelation information could be obtained from the core tests. With the help of
semivariogram and IC technology, it is possible to identify the weak areas accurately.
Figure 6.4 shows the kriged contour maps for both CMV and core densities at the same
location with the triangle points denoting the coring locations. It is shown that the CMV
map can offer the detailed spatial information, whereas barely any spatial information
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(a) Semivariograms of CMV for different layers

(b) Semivariograms of core densities for different layers
Figure 6.3. Semivariograms for different layers

(a) CMV contour map

(b)

Contour map from core tests

Figure 6.4. The kriged contour maps for both CMV and core densities
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could be obtained from the core density map. It was suggested that if core tests identified
the flawed location, further investigation should be performed according to the Range value
of semivariogram and the CMV contour map to determine the repair area.
For different asphalt layers, the univariate statistics results also show a notable
difference. The values of mean and standard deviation increase gradually from the asphalt
base layer to the surface layer, despite using the same roller with the same settings. This
phenomenon should be clarified since the value of CMV will affect the value of Sill. During
compaction, a dynamic parabolic load is provided by a vibration roller on a rectangular
area. Then the CMV value is calculated as an integral deformation modulus, and the
measuring depth is usually larger than the thickness of the compacting layer (20). Therefore,
CMV can be regarded as the ratio between the compaction force and the corresponding
deformation (29). Since the force can be assumed as a constant for different asphalt layers
with the same roller settings in this project, the corresponding displacement during
compaction becomes a key factor to account for the variations of CMV values between
different layers.
To calculate the displacement under compaction, the finite element analysis software
Abaqus FEA and the Witczak dynamic modulus predictive model were utilized. The
Witczak model was used to calculate the dynamic modulus of asphalt mixture based on its
material properties (36). The dynamic moduli of different asphalt layers were calculated
using the roller setting frequency, the asphalt job mix formula, the temperature from the IC
data, and air voids from the nuclear gauge (NG) test. It should be noted that the modulus
of asphalt at high temperature under compaction is far less than that at ambient temperature
when serving as the underlying layer. The resilient modulus of aggregate base was set as
200 MPa. Previous literatures showed inconclusive results about the measurement depth
of a vibration roller (8; 44). However, a recent study revealed that the influence depth of
roller vibration depends on the layer stiffness as well as the vibration settings, which may
vary significantly based on the stiffness of the construction material (59). To simplify the
problem, the concept that an IC roller measurement depth is 1,000 times the amplitude by
Anderegg and Kaufmann was adopted here to calculate the deformations under the roller
(8). The calculated displacements for three asphalt layers under compaction compared with
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the univariate statistics results are shown in Figure 6.5. One can refer to the authors’ another
study for the detailed information about the displacement assumption and calculation (29).
As discussed above, the cylinder deformation modulus to a certain depth can be
regarded as the ratio between the force and the corresponding deformation. When the
compaction force remains stable, the CMV value reflects the change of displacement. This
relationship is well illustrated in Figure 6.5, which shows a decrease in the displacement
from the base to the surface layer, corresponding to an increase in the mean value of CMV.
Based on the calculation results, the variation of CMVs between different layers is not
because of the compaction quality, but rather due to the measuring depth of the IC roller.
It is clear that even using the same roller and same vibration settings, the compaction
uniformities between different asphalt layers are difficult to compare directly due to the
different underlying support. It was suggested that the range of semivariogram after the
normal score transformation be used to analyze the compaction qualities between different
layers. As shown in Table 1 and Figure 3, the ranges of the asphalt base and asphalt binder
layer have similar values, indicating similar spatial uniformities.
6.4.2 Project 2: resurfacing project
The second project was constructed in Hamilton County, Tennessee, in 2013. An overlay
with a thickness of 3.2 cm was constructed on an existing asphalt pavement. A double

Figure 6.5. Displacements vs. univariate statistics of CMV
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drum vibratory roller, SAKAI SW880, served as the breakdown roller. The roller was
operated at an amplitude of approximately 0.5 mm and a frequency of 69 Hz. Another roller
was used for intermediate compaction in static mode. The breakdown roller was kept in
vibration mode during the compaction. This offers an opportunity to monitor the change of
spatial uniformity during the compaction process. The semivariograms of different
compaction passes for the same asphalt layer were calculated and compared in this case
study.
Table 6.2 shows the spatial and univariate statistics of CMV for different passes for a
same day compaction. Since the CMV values are comparable for the same asphalt layer,
and the information of Nugget and Sill is difficult to interpret after the transformation, the
original semivariogram is suggested and utilized here to analyze the compaction of the
same asphalt layer. For the univariate statistics, the CMV of the first pass has the smallest
mean value followed by a significant increase at the second pass, indicating an increase in
the stiffness of the surface layer under compaction. The mean of CMV still increases at the
third pass.
As for the spatial statistics, an increase of range from the first pass to the second pass
indicates that the spatial uniformity increases at the beginning of compaction, but a
significant increase in nugget and sill values along with a decrease of range occurred
simultaneously at the third pass, suggesting a decline in the spatial uniformity during the
compaction. Figure 6.6 (a) shows the changes of the kriged contour maps of CMV for
different passes at the same location with a length of 1600 ft (488 m). As shown in Figure
6.6 (a), the contour map of the second pass shows greater spatial uniformity than both the
first pass and the third pass. Based on the univariate statistics of CMV, the third pass
compaction will help increase the CMV value; however, the results of spatial statistics
suggest that two passes of the breakdown roller are enough for the resurfacing compaction.
As mentioned above, CMV is a dimensionless compaction parameter that depends on
roller dimensions (i.e., drum diameter and weight) and roller operation parameters (e.g.,
frequency, amplitude, and speed). On the other hand, CMV should be interpreted combined
with the RMV since the drum behavior affects the CMV measurements. Therefore, it is
necessary to acquire a better understanding of CMV by examining the relationships among
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Table 6.2. Spatial and univariate statistics of CMV for different passes
Passes

Univariate

Semivariogram

Semivariogram

statistics

μ

with

normal score

σ

Nugget

Sill

Range

Nugget

Sill

(m)

Sample
size

Range
(m)

1

29.8

10.1

24.8

93.0

20.4

0.2

0.9

18.3

44331

2

58.8

12.0

10.2

112.5

28.4

0.1

0.8

28.2

40664

3

61.7

14.1

46.7

162.1

23.7

0.2

0.8

27.7

35983

(a) Original contour maps of CMV (Top to bottom are pass1, 2 and 3)

(b) Contour maps of CMV after the conversion (Top to bottom are pass1, 2 and 3)
Figure 6.6. CMV contour maps
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these parameters. After an examination among various parameters, it was found that a
significant and consistent correlation exists between CMV and roller amplitude as shown
in Figure 6.7. A high amplitude will force the roller into a double jump mode and the
correlation between CMV and stiffness will show a discontinuity (10). It is important that
the roller remains in the same mode with a constant amplitude when utilizing CMV for the
compaction verification.
Figure 6.7 also illustrates the change in RMV at the same location during
compaction. The contour maps of RMV show that the area and value of RMV which are
not close to zero grew steadily from the first pass to the third pass, suggesting a double
jump or rocking mode of drum occurring due to the increasing stiffness of asphalt layer. At
these areas, the asphalt cannot be compacted further, and the CMV does not reflect the
stiffness of asphalt layer. To eliminate the influence of amplitude on the CMV value, the
CMV value was adjusted based on the linear relationship between CMV and amplitude for
all roller passes. Furthermore, in areas with RMV >20, the CMV values were replaced with
a fixed number of 60 to represent the possible highest compaction level (44).

RMV (Top to bottom are pass1, 2 and 3)

Pass 1
Pass 2
Pass 3
Figure 6.7. Distribution of RMV and relationship between amplitude and CMV
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Table 6.3 and Figure 6.6(b) show the statistics results and contour maps after the
conversion. The CMV mean is increased, and the standard deviation is decreased for the
first pass compared to the values of raw CMV, and a similar trend is also found in
semivariogram models with a larger range value and a smaller sill value. It reveals that the
CMV value of the first pass is more affected by roller amplitude, and a conversion to a
standardized amplitude can help eliminate this influence. The spatial and univariate
statistics of the second pass show similar results with the original data, indicating that the
influences of RMV and amplitude are relatively small. As for the third pass, the RMV value
has a significant effect on the statistical analysis of CMV. After the conversion, the mean
of CMV for the third pass is less than that obtained for the second pass, and the range of
semivariogram also drops significantly during the third pass in Table 6.3, which is
consistent with the observation in Figure 6.6(b). Through the conversion, the trend of
spatial uniformity during compaction becomes clearer, and the weak areas can be identified
more accurately. When a vibratory roller passes over the asphalt materials that have already
been adequately compacted, it can perceptively or imperceptibly bounce on the pavement
surface and cause a reduction in asphalt density. This phenomenon is known as over
compaction. The spatial statistics of CMV after the conversion suggest that the third pass
of compaction for the resurfacing project was unnecessary and resulted in a problem of
over compaction, whereas it is difficult to identify using the univariate results only. The
CMV data from other working days in this project were further examined, and the results
of spatial statistics are consistent about the optimum pass number. Similar conclusions were
also achieved from other resurfacing projects with similar mixtures and compaction
procedures according to the authors’ another study (26).
Table 6.3. Spatial and univariate statistics of CMV after the conversion
Passes

Univariate statistics

Semivariogram

μ

σ

Nugget

Sill

Range (m)

1

37.6

6.5

7.4

43.2

24.5

2

55.1

8.5

12.3

73.3

29.0

3

53.2

9.0

23.4

76.1

21.8
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6.5 Conclusions
In this study, geostatistical analysis was employed to evaluate the compaction quality of
asphalt pavement through IC technology. Compared with the conventional quality control
method, the geostatistical analysis is capable of evaluating the spatial uniformity and
identifying the weak locations during compaction. However, the measurement depth of the
ICMV and its relationship with the roller operation parameters should be considered during
the analysis. In general, the geostatistical method can serve as a supportive tool for
evaluating the compaction quality with the IC technology. To fully establish the quality
control framework of IC technology, two asphalt pavement projects, including one new
pavement construction and one resurfacing project, were investigated and evaluated by
using the geostatistical method in this study. The conclusions are summarized as follows:
1. The new pavement project with different asphalt layers demonstrated the benefit of
IC technology. For this project, due to the consistent conditions of quality control and
underlying support, the experimental dots of CMV fit well with the exponential curves for
all the layers with sufficient IC data, whereas no spatial trend could be observed using
conventional core data.
2. It was suggested that if core tests identify the flawed location, further investigation
should be performed based on the Range values of semivariogram and the CMV contour
map when the underlying laying support is uniform in this area.
3. An increase in CMV from asphalt base layer to surface layer was not due to the
change in compaction quality, but rather due to the measuring depth of the IC roller. For
the new construction projects, it is suggested that the range of semivariogram after the
normal score transformation be adopted to compare the compaction quality of different
layers.
4. For the new pavement project, the range of semivariogram of the asphalt base layer
was very close to that of the binder layer, indicating that both layers had similar spatial
uniformities.
5. For the resurfacing project, using the semivariogram model from the original CMV
data could identify the trend of compaction quality during the compaction.
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6. Several factors including amplitude and RMV may affect or invalidate the value of
CMV, and their influences should be filtered out if necessary. The spatial statistics of CMV
after the conversion could identify the change of spatial uniformity more accurately.
7. For the resurfacing project, the spatial statistics of CMV after the conversion
indicated that the third pass of vibratory compaction was unnecessary and possibly resulted
in the issue of over-compaction, whereas using the univariate results alone was unable to
identify this problem. It should be noted that other factors including mixture type and
thickness, and roller settings will also affect the compaction quality. Therefore, the
optimum pass number may vary for different mixtures and compaction procedures.
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CHAPTER SEVEN
EVALUATION OF COMPACTABILITY OF ASPHALT MIXTURE
UTILIZING ASPHALT VIBRATORY COMPACTOR
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7.1 Abstract
Compaction is a crucial topic for asphalt mixture in that the success of mix design greatly
depends on the compaction method being used, and the asphalt pavement achieves the
required density also through sufficient compaction efforts in the field. Therefore,
understanding the compaction characteristics of asphalt mixture is necessary. In this study,
the compactability of asphalt mixture was evaluated utilizing lab asphalt vibratory
compactor and three types of mixtures, and an accelerometer was utilized to monitor the
vibration properties of vibrator-mixture system. Stiffness measurement values derived
from Intelligent Compaction were employed to characterize and identify the compaction
stages of asphalt mixture. Results indicated that the vibratory compaction of asphalt
mixture can be classified into three stages for all the mixtures, and stiffness parameters can
differentiate the compactability of asphalt mixtures. Linear relationships were found
between air voids and stiffness parameters with most R square values greater than 0.5 for
three mixtures. The influences of compaction temperature (120 ℃ vs. 140 ℃) and
underlying layer on the compactability of asphalt mixture were further discussed.

7.2 Introduction
The compactability of asphalt mixture in the laboratory is one of the most crucial factors
that influence the results of mix design. The formation of structure for asphalt mixture
mainly depends on the compaction methods and the specified levels of compaction.
Meanwhile, the way in which how the asphalt mixture is compacted in the field
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significantly influences the compaction degree, which is associated with the construction
quality of asphalt pavement. Therefore, understanding the compactability of asphalt
mixture is needed for both design of asphalt mixture and construction of asphalt pavement.
Compactability, which is used for evaluating how easy it is to compact a mixture in the
field (60), is one of the aspects representing for the workability of asphalt mixture. There
are different compaction methods in the laboratory to fabricate mixture specimens for
performance tests. Nowadays the primary compaction method in the United States is
Superpave gyratory compactor (SGC) developed as the basis for the Superpave mix design
method. Marshall Hammer compaction, as a classical method for design purpose back to
1940’s, is still used in many cities and counties. In addition, the Hveem Mix Design uses
kneading compactor to simulate the roller compaction. Other than the above three methods,
there are other compaction methods in use, including asphalt vibratory compactor (AVC),
lab roller compaction, static compaction, etc.
Some comparative studies were performed to evaluate the difference among
compaction methods. In 1989, Consuegra et al. evaluated different compaction devices,
including the mobile steel wheel simulator; the Texas gyratory compactor; the California
kneading compactor; the Marshall impact hammer, and the Arizona vibratory-kneading
compactor (61). Khan et al. evaluated the compaction methods including Marshall
Automatic and Manual Impact Compaction; California Kneading Compaction; and
Gyratory Shear Compaction with two different angles of gyration in 1998 (62). From these
studies, gyratory compaction method demonstrated the ability to produce mixtures with
engineering properties nearest to those determined from field cores. Furthermore,
adjustments on compaction parameters of the gyratory are necessary to better simulate the
mechanical properties of pavement cores (63). Between 2012 and 2014, by using the
discrete element method (DEM), Chen et al. revealed that there are significant effects of
compaction methods on air void distribution in both vertical and lateral distributions (6466).
As gyratory compaction method is widely accepted for mix design, some
measurements were developed from the densification curve to evaluate the compactability
of asphalt mixture. The Compaction Energy Index (CEI), which is defined as the area from
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the 8th gyration to 92% of the maximum theoretical specific gravity (Gmm) in the
densification curve, indicates the variation of the shear resistance effort of mixtures (63;
67; 68). Bill Pine proposed the concept of "locking point", which is defined as the first
gyration in which three gyrations are at the same height preceded by two sets of two
gyrations at the same height (69; 70). The "locking point" of a mixture is believed to be
capable of preventing overcompacting in the Superpave gyratory compactor. During the
compaction process the aggregate particles are brought closer to achieve dense state of
compactness and less void among the particles., and they lock up and develop a stable
structure as compaction proceeds further (71). The slope of the densification curve from
the SGC is considered as a possible compaction characteristic that relates to the
densification of an asphalt mixture. The densification slope is computed as the slope of the
percent of maximum density (%Gmm) versus the log number of gyrations from gyration
10 to the end of compaction. Leiva and West evaluated the compactability of asphalt
mixture by the above laboratory parameters. Results indicated that these parameters are
capable of describing the compactability of asphalt mixture in the laboratory (60).
The lab vibratory compaction method can also be used to simulate the influence of
breakdown rollers on the compaction of asphalt mixture in the field. Based on the
hypothesis that a vibratory compactor and the hot-mix-asphalt (HMA) form a coupled
system having unique vibration properties, Commuri and Zaman developed a compaction
analyzer based on Neural Network (NN) to continuously predict the density of asphalt
mixture in 2008 (72). In their analyzer, the neural network classifier is employed to analyze
the entire frequency spectrum of acceleration of vibratory compactor and to classify these
vibratory components into different compaction levels. They also implemented this
concept into intelligent asphalt compaction analyzer (IACA) for quality control in the field
(21). Sebesta et al also utilized the dynamic response of Impact Hammer to evaluate the
compaction properties of base and subgrade materials (73).
The previous studies indicated that there are two ways of evaluating the compactability
of asphalt mixture. The measurements developed from the densification curve evaluate the
compactability of asphalt mixture in terms of volumetric properties, whereas the dynamic
response obtained from the vibratory compaction describes the compactability from
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compaction stiffness of asphalt mixture. This study will focus on the evaluation of
compactability of asphalt mixture in terms of the response derived stiffness characteristics
of asphalt mixture. Previous researches revealed that Intelligent Compaction (IC)
technology for the soil compaction is more advanced than IC for HMA compaction (42;
74). The results in this study may provide useful information and reference to understand
the compaction process of asphalt mixture and determine suitable compaction requirements
for the construction of asphalt pavement using IC technology.
The objectives of this study are 1) to understand the compaction process of asphalt
mixture by analyzing the response of vibrator-mixture system; 2) to correlate the responsederived stiffness with the volumetric parameter to evaluate the compactability of asphalt
mixture. The asphalt mixtures were compacted utilizing the AVC. The response of
vibrator-mixture system was monitored by one-dimension accelerometer. The responsederived measurement values associated with the stiffness properties were employed to
characterize the compaction stiffness of asphalt mixture. The asphalt mixture used in this
study included two dense graded mixtures for surface course and binder course and one
Open Graded Friction Course (OGFC) mixture.

7.3 Methodology and Materials
7.3.1 Asphalt vibratory compactor
AVC was employed to evaluate the compact properties of asphalt mixture. AVC mainly
consists of a compactor assembly and a vibratory compactor unit. The compactor assembly
is a steel loading frame equipped with compactors, noise absorbing supports and isolators.
The vibratory compactor unit consists of two vibratory motors with an output frequency of
3560 round per minute (RPM) and a force of 1886 lbs. Therefore, the fundamental
frequency of vibrator is round 60 Hz.
Two accelerometers are used to monitor the vibratory characteristic of AVC during
compaction. The accelerometer measures acceleration through an integrated circuit in
which there is flexible “fingers” carved in silicon. These fingers flex and lead to the
changes of capacitance when subjected to acceleration and deceleration. By monitoring
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and recording the change of voltage due to the capacitance changes, the accelerometer uses
this “analogy signal” to indicate the change of acceleration. In this study, two single axis
accelerometers with different measuring ranges, ± 50 m/s² with an accuracy of ±0.5 m/s²
and ± 245 m/s² with an accuracy of ± 2.45 m/s² respectively, was utilized to record the
acceleration. Both accelerometers have a same frequency response from 0 to200 Hz, and
the accelerometer readings were sampled at 1000 Hz. Three locations on the vibrating
compaction assembly were tested first as shown in Figure 1, and the results showed that
the signal from location C was more damped than other locations since it is close to the
pneumatic actuator, which can offer an adjustable static compaction force similar to the
static load of roller. Therefore, two accelerometers were installed on location A and B
correspondingly. During the test, it was found that the amplitude of the fundamental
frequency was usually larger than the scope of low-g accelerometer. Therefore, the data
analysis was primary based on the record of high-g accelerometer and was checked with
the data form the low-g accelerometer.
7.3.2 Discrete-time Fourier transform
Discrete-Time Fourier Transform was utilized to perform the response analysis. The
paving material is subjected to the periodic excitation during the vibratory compaction. The

(a)

(b)

Figure 7.1. AVC and accelerometers installation and testing
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excitation can be separated into harmonic components by Fourier series. The original signal
x(t) in the time domain can be converted into frequency domain by Fourier Transform as:
∞

X(jw) = ∫-∞ x(t)e-jwt dt

(7-1)

where j= imaginary unit; 𝜔=frequency; t=time.
The signal was collected at a fixed time interval of T. Considering N samples were
taken from x(t), Eq. 7-2 may close to the original signal with high sample rates.
(N-1)T

∞

X(jwω) = ∫-∞ x(t)e-jωt dt = ∫0

x(t)e-jωt dt

(7-2)

Equation (7-3) is the discrete form of Equation (7-2).
𝑋(𝑗𝜔) = ∑𝑁−1
𝑥[𝑛]𝑒 −𝑗𝜔𝑛𝑇
0

(7-3)

Equation (3) represented the complex Fourier series, where the fundamental frequency
𝜔0 with period T0 can be written as Eq. 7-4.
𝜔0 =

2𝜋

(7-4)

𝑇0

Fast Fourier Transform algorithm was employed to perform discrete Fourier transform
in this study. Also, short-term Fourier transform was utilized to perform time frequency
analysis for obtaining the spectrum of acceleration.
In this study, the signal length of acceleration for frequency analysis was one second.
It should be noted that the signal length influences the amplitude of signal at frequency
domain. On one hand, with the increase of signal length, the amplitude of fundamental
component of vibration may decrease. Meanwhile, the signal amplitudes of other harmonic
components may be eliminated due to the introduction of different vibration properties
within the signal length. On the other hand, the decrease of signal length will decrease the
computing speed. It may also increase the influence of noise on frequency analysis. Based
on the trial analyses, it was found that the signal length of 1 second is capable of identifying
the change of vibration properties during the compaction.
7.3.3 Measurement values (MV)
The measurement values (MV) were developed to characterize the stiff properties of
paving materials during field construction when the industry developed IC technologies.
Different vendors use different types of MV (22), which may be defined by either vibration
98

frequency analysis or mechanical models. In this study, the measurement values developed
from vibration frequency analysis were considered. Two different vibratory-based ICMV
systems, the Compaction Meter Value (CMV) and the Compaction Control Values (CCV),
were used to quantify the process the lab vibratory compaction.
CMV is a dimensionless compaction parameter that depends on roller dimensions (i.e.,
drum diameter and weight) and roller operation parameters (e.g., frequency, amplitude, and
speed) and is determined using the dynamic roller response (10). In 1980 Thunder and
Sandström found that the ratio between the amplitude of the first harmonic and the
amplitude of the fundamental frequency of the roller drum had a significant relationship
with the compaction level achieved (13) . Based on that, the CMV is calculated as Eq.7-5:
𝐶𝑀𝑉 = 𝐶 ×

𝐴2𝛺

(7-5)

𝐴𝛺

Where C=constant.
A2Ω=acceleration amplitude of the first harmonic component of the vibration
AΩ =acceleration amplitude of the fundamental component of the vibration
The resonant meter value (RMV) provides an indication of the drum behavior (e.g.,
continuous contact, partial uplift, double jump, rocking motion, and chaotic motion). RMV
is defined as Eq. 7-6.
𝑅𝑀𝑉 = 𝐶 ×

𝐴0.5𝛺

(7- 6)

𝐴𝛺

Where A0.5Ω= subharmonic acceleration amplitude caused by jumping. Theoretically,
RMV=0 indicates that the drum is in a continuous contact. When RMV>0, the drum enters
a double jump mode and transitions to chaotic modes. Several previous researches show
that the drum behavior affects the CMV measurements (15; 16). Therefore, CMV must be
interpreted in conjunction with the RMV measurements.
As a relative stiffness index, the Sakai CCV is similar to CMV, which is also
determined from the measured acceleration data but based on more harmonic frequency
components. The concept of the CCV is that the roller drum starts to enter into a “jumping”
motion as the ground stiffness increases, resulting in vibration accelerations at various
frequency components. CCV is defined as Eq. 7-7.
𝐶𝐶𝑉 = 100

𝐴0.5Ω +𝐴1.5 +𝐴2Ω +𝐴2.5Ω +𝐴3Ω

(7-7)

𝐴Ω +𝐴0.5Ω
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Where, A3Ω is the acceleration amplitude of the second harmonic component of vibration;
A1.5Ω and A2.5Ω are the acceleration amplitude of the 1.5 and 2.5 fundamental frequency of
vibration. The concepts of CMV and CCV are illustrated in Figure 7.2. It should be noted
that all the manufacturers employ proprietary data recording and filtering methods using
proprietary software.
7.3.4 Materials
In this study, both dense graded and open graded asphalt mixture were included. Two dense
graded asphalt mixtures were selected. They are common used asphalt mixture for wearing
course and binder course in Tennessee, called “D-mix” and “B-mix”, respectively. The
aggregate for D-mix consisted of gravel, #10 limestone and natural sand, whereas that for
B-mix consisted of gravel, #7 limestone and natural sand. As for the open graded friction
course (OGFC), to ensure the bonding between aggregate particles, it employed PG 76-22
bitumen as the binder, and the aggregate for OGFC consists of gravel and #7 limestone.
The gradation and volumetric properties of each mixture were listed in Table 7.1.

Increasing ground stiffness
Figure 7.2. The concepts of CMV and CCV
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Table 7.1. Gradation and volumetric properties for each asphalt mixture
Mixture properties

Sieve size

OGFC

D-mix

B-mix

26.5

100

100

100

19

100

100

93

16

100

100

N/A

12.5

97

98

N/A

Gradation

9.5

69

87

71

Passing

4.75

16

66

44

Percentage,%

2.36

5

51

37

0.6

N/A

29

23

0.3

N/A

13

11

0.15

N/A

7.8

7.3

0.075

2.1

5.3

5.1

Asphalt content,%

7.50

5.70

4.20

PG grade

PG76-22

PG64-22

PG64-22

Gmm

2.300

2.410

2.500

Gmb

1.879

2.320

2.406

Air voids,%

18.3

3.80

3.80

VMA,%

N/A

16.60

13.60

VFA,%

N/A

77.40

72.20

(mm)
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7.3.5 Test procedures
The experimental design used in this study was illustrated in Figure 7.3. The loose asphalt
mixture was placed in a rectangular mold with 38.1 cm in length, 16.51 cm in width and
8.89 cm in depth. It should be noted that the mold shape has an edge effect on asphalt
mixture compaction. The asphalt mixture compacted in tetragonal mold may have less even
air voids distribution in lateral direction than that in cylinder mold (64). For each sample,
the loose thickness was 8.89 cm. All samples were compacted for a fixed time of 25
seconds. The compaction process was firstly characterized by the time-frequency spectrum
of acceleration of compact unit. Then the evolution of compaction for HMA was
investigated by analyzing both stiffness properties and volumetric properties. Finally, the
influence factors on compactability of HMA were discussed.

7.4 Identification of Different Compaction Stages of Vibratory
Compaction
7.4.1 Vibratory properties of HMA
Figure 4 illustrated the amplitude of acceleration at frequency domain under two loading
scenarios: empty loaded and loaded. Figure 7.4 (a) indicated the oscillatory properties of
the vibrator at empty loaded condition. The single-peak of amplitude at 60Hz was
generated by the vibrators in the compact unit. The fundamental component of

Figure 7.3. Experimental Design
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vibration was determined by the output force and frequency of compact unit. As a
comparison, when loaded, the peak value of amplitude at fundamental component of
vibration decreased as illustrated in Figure 7.4 (b). Meanwhile, there were several peaks at
harmonic and/or subharmonic frequency components. The presence of amplitude peaks at
fundamental component, harmonic and subharmonic component are believed to be
associated with the increase of stiffness for compacted material. Therefore, it is possible to
evaluate the stiffness of compacted materials by analyzing the change of amplitude of these
vibratory components.
Figure 7.5 illustrated the time-frequency spectrum of acceleration for different asphalt
mixtures. The fundamental frequency of compactor-material contact system was pointed
out in the figures. During the compaction process, there was an increase of fundamental
frequency from 0 Hz to oscillation frequency of compact unit (58 Hz), followed by a stably
decrease. Then, there was a fluctuation of fundamental frequency for each mixture. Finally,
there tended to be a stable stage after that fluctuation. The color scale in the spectrum
indicated the strength of acceleration signal. There were stronger signals at fundamental
frequency and each harmonic and subharmonic frequencies. The stronger signals
correspond to the peaks in the frequency domain of acceleration as shown in Figure 7.4.
One can infer from Figure 7.5 that the process of lab vibratory compaction may consist
of different stages. During the initial stage of compaction, the fundamental frequency of
compact unit was close to that of “empty loaded”. As the loose mixture becomes denser,
the stiffness of mixture increases. Accordingly, the fundamental frequency of compactormaterial system decreased. There was a fluctuation in time-frequency spectrum during the
entire compaction process. Following this fluctuation, there seemed a “stable” stage in
which there were no significant changes of signal strength in time-frequency spectrum of
acceleration.
7.4.2 Characterization of the stiffness property of asphalt mixture at different
compaction stages
Measurement values are defined based on the amplitude peaks at specified frequencies.
These frequency components include fundamental component, harmonic/subharmonic
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(b) Loaded

Figure 7.4. Relationship between frequency and Amplitude of acceleration

(a) B-mix

(b) D-mix

(c) OGFC
Figure 7.5. Time-frequency spectrums of acceleration
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components. The spectral properties can be quantitatively evaluated by calculating the
ratios of amplitude values. The changes of measurement values during vibratory
compaction for different mixtures were illustrated from Figure 7.6 to Figure 7.8. The
measurement value was calculated at the time interval of one second with the sample rate
of 1000 Hz. The error bars represented the standard deviation from replications.
Figure 7.6 illustrated the change of CMV during vibratory compaction for different
mixtures. CMV is the ratio of acceleration amplitude at the first harmonic component to
the fundamental component. As shown in Figure 7.6, CMV gradually increased within the
first ten seconds, followed by a sudden increase with an increased standard deviation.
Finally, the CMV value remained stable for each mixture. It was found that the CMV for
B-mix was slightly higher than 50, while those for D-mix and OGFC were slightly lower
than 50.
Generally, three stages can be identified in accordance with the change of CMV during
compaction. At the first stage, CMV gradually increases with a relatively small standard
deviation. Following the first stage, there was a distinct increase in CMV at the second
stage. It seems that CMV also exhibited large variability within this stage, which may be
attributed to the chaos state due to the presence of noise wave. After the second stage, the
CMV decreased and became stable at the third stage, indicating no significant change of
CMV for this period.
Figure 7.7 illustrated the change of RMV during the vibratory compaction for different
mixtures. Similar to CMV, RMV is the ratio of acceleration amplitude of subharmonic
component, which is half of the fundamental component, to fundamental component. This
measurement value was developed to characterize the behavior of drum jump (15). With
RMV=0, the drum is considered in a continuous contact or partial uplift mode. RMV > 0
indicates that the drum enters rocking and chaotic modes from double jump mode. In this
study, RMV was employed to indicate the properties of acceleration spectrum during
compaction. There was a sharply increase in RMV at the beginning of the compaction,
followed by a sudden decrease. Then there is no significant change of RMV for each
mixture. It was found that the compaction times to a stable RMV are: 7 s for B-mix, 8 s for
D-mix and 6 s for OGFC. The change of RMV can be classified into “unstable” stage
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Figure 7.6. Relationship of compaction time versus CMV
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Figure 7.7. Relationship of compaction time versus RMV
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and “stable” stage. Similar to CMV, there was a large variability in RMV at “unstable”
stage. At the stable stage, both the RMV values and standard deviations decreased.
Figure 7.8 illustrated the change of CCV during the vibratory compaction for different
mixtures. The calculation of CCV includes fundamental component as well as several
harmonic/subharmonic components. Comparing with CMV and RMV, CCV contains more
frequency components and signal information. Therefore, this value may represent the
general trend of changes in the spectrum of acceleration. It was found that the CCV
increased at early compaction time. Then, the CCV slightly decreased and remained stable.
The CCV also exhibited a smaller standard deviation within this period. After this period,
there was significant fluctuation in CCV and an increase in the standard deviation. Finally,
similar to the CMV trend, the CCV value tended to be stable, which indicated there was
no significant change in the spectrum of acceleration at the end of the compaction process.
One may find that the increase of CCV at initial compaction time was in consistent
with that of RMV. Considering the definition of CCV and RMV, it can be concluded that
the increase of CCV at the early compaction time was attributed to an increase at half
fundamental component. Although there was difference in CCV for each mixture, change
of CCV may also be roughly classified into three stages: 1) At the first stage, there was an
increase in CCV; 2) At second stage, there was fluctuation and large standard deviation of
CCV; and 3) CCV remains stable at the third stage. Furthermore, it seemed that the
boundary of the first and second stage for CCV was the same as RMV, whereas the
boundary of the second and third stage was the same as CMV.

Figure 7.8. Relationship of compaction time versus CCV
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7.5 Factors Affecting the Compactability of Asphalt Mixture
7.5.1 Influence of compaction temperature on compactability of asphalt mixture
Compaction temperature is believed to be an important factor influencing the
compactability of asphalt mixture. There is a recommended range for compaction
temperature, within which the optimum densification state for asphalt mixture can be
obtained. Based on the engineering experience, two compaction temperatures, 120 Celsius
and 140 Celsius, were used for evaluating the influence of temperature on compaction of
asphalt mixture.
Figure 7.9 illustrated the comparison of measurement values for different asphalt
mixture at two different compaction temperatures. The measurement values in the figure
are the averaged value collected from the third compaction stages (“stable stage”). The
error bar represented for the standard deviation of replications. In terms of CMV and CCV,
the value for B-mix was the highest, followed by D-mix and OGFC. In terms of RMV, Dmix was ranked as the highest. RMV for OGFC tended to be slightly higher than B-mix.
As for the influence of temperature, the RMV and CCV decreased with the increase of
compaction temperature, whereas no significant difference of CMV between two
temperatures.

(a) D-mix

(b) B-mix

(c) OGFC
Figure 7.9. Influence of compaction temperature on MV
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Figure 7.10 illustrated the comparison of air voids for different mixtures. The “Standard”
series represent the target air voids determined by Marshall Design method. It was found
the air voids at two different temperatures were generally higher than the target air voids.
For example, the air voids of B-mix at 140 ℃ and 120 ℃ were 5% and 6% respectively,
comparing to the target air voids of 4%. As mentioned before, the edge effect of rectangular
mold may result in relative high air voids as compared to the standard one. Nevertheless,
the purpose of evaluating the air void in this study is not for mix design but for inspecting
the influence of temperature on air void.
It was also found that the difference between the designed air void and final air voids
for D-mix was larger than B-mix. This means D-mix was probably at under-compacted
stage in terms of air voids, which may be attributed to the effective compaction thickness
for asphalt mixture. Asphalt mixtures with thicker lift thickness and smaller nominal
maximum aggregate size (NMAS) are harder to compact than those with thinner lift
thickness and larger NMAS. The recommended maximum lift thickness for asphalt mixture
with NMAS of 12.5 mm is generally from 5 cm to 6.35 cm, which is lower than the lift
thickness in this study. Since the lift thickness for B-mix was within the optimum lift
ranges, the difference between the final air void and designed air void is much lower than
the others.
Since the measurement values are served as an indicator of compaction stiffness in the
IC technology, it is reasonable to compare the measurement values with the dynamic
modulus of mixture. The Witczak model was developed to estimate the dynamic modulus

Figure 7.10. Comparison of air voids of different mixtures
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of asphalt mixture from simpler material properties and volumetrics (75). In this model,
the dynamic modulus at a given loading frequency and temperature depends on a number
of factors such as the viscosity of the asphalt, the effective asphalt content and the
percentage of air voids. Using the job mix formula and the actual air voids, the dynamic
modulus for B-mix, D-mix and OGFC at 140 ℃ were calculated as 186, 76 and 17 MPa
respectively, comparing to 241, 83 and 24 MPa respectively at 120 ℃. The rank of the
calculated modulus of asphalt mixtures in agreement with that of CMV and CCV. It can
also be observed that the dynamic modulus is close at two temperatures for the same
mixture, which can be explained by the combined effects of a decrease of temperature and
an increase of air voids. Based on these observations and analysis, CMV seems be more
capable of differentiating materials. According to the definition, the RMV only contains
one subharmonic frequencies components. The evolution of RMV indicated that RMV
tended to remain stable from the beginning of second compaction stages. Therefore, it is
insensitive to the changes of stiffness during the compaction, and not suitable for
characterizing the stiffness properties of asphalt mixture during the compaction.
7.5.2 Influence of underlying layer on compactability of asphalt mixture
The block specimens of asphalt mixture with a thickness of 4 cm were employed as
underlying layer to identify the influence of underlying layer on the lab compaction. It was
placed into the modulus at ambient temperature prior to the loose HMA. Figure 7.11
illustrated the time-frequency spectrums for D-mix with an underlying layer.

Figure 7.11. Time-frequency spectrum for HMA with underlying layer
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The fundamental frequency initially decreases and stably increases. Comparing with
Figure 5, there was no evident fluctuation in fundamental frequency for HMA with
underlying layer during the compaction process. This means the compaction process for
D-mix with underlying layer tends to be more stable than D-mix without underlying layer.
It should also be noted that the lift thickness of D-mix for Figure 11 was within the
optimum lift thickness determined by NMAS which was thinner than Figure 7.5.
Figure 7.12 illustrated the change of measurement values with compaction time. D-mix
without underlying layer from pervious study was also included for comparison.
Comparing with D-mix without underlying layer, three compaction stages can be also
identified. Generally, it is obvious that all the measurement values (CMV, RMV and CCV)
for D-mix with underlying layer were greater than that without. This is because the stiffness
for underlying layer at ambient temperature is considerably higher than the topping loose
HMA, which increases these stiffness-related measurement values for the composite
specimens.

(a) CMV

(b) RMV

(c) CCV
Figure 7.12. Change of measurement values with compaction time
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7.6 Volumetric Properties of Asphalt Mixture During Vibratory
Compaction
In order to investigate the relationship between volumetric properties and vibratory
properties, asphalt mixture specimens were compacted at different compaction time.
The duration of compaction was 26 seconds with the interval of 2 seconds. At each interval,
two specimens were compacted individually to determine the air voids. Both the evolution
of air voids of asphalt mixtures and measurement values were monitored. Efforts were
made to correlate the change of volumetric properties with measurement values.
Table 7.2 listed the results of linear regression models between air voids and
measurement values (CMV and CCV). Except for CMV for OGFC, the coefficient of
determination for each model was generally low, less than 0.5. In fact, it is difficult to find
a model that fit the data well. Hence, one may conclude that there was no significant linear
relationship between air voids and measurement values. The evolution of measurement
value indicates that there is a fluctuation in MVs during the compaction process. Therefore,
uncertainties are introduced by this fluctuation. By excluding the unstable stage for each
measurement values, the models were re-constructed through linear regression. Table 7.3
listed the results for linear model without unstable stage. It was found that the linear model
fits well with the data. Most coefficients of determination were greater than 0.5, which may
be considered as linearly correlated.

Table 7.2. Results of linear regression relationship between air voids and ICMV
Type of Mix
D-mix
B-mix
OGFC

CMV
-1.64Va+59.09 (R2=0.046)
-2.31Va + 43.00 (R² = 0.475)
-3.01Va + 103.67 (R² = 0.787)

CCV
-0.02Va+47.47 (R2=4E-06)
-0.36Va + 45.16 (R² = 0.0076)
-2.09Va + 97.23 (R² = 0.1406)

Table 7.3. Relationship between air voids and ICMV without unstable compaction stage
Type of Mix
D-mix
B-mix
OGFC

CMV
-2.95Va+78.86 (R² = 0.737)
-2.36Va+45.10 (R² = 0.530)
-3.13Va +106.04 (R² = 0.834)
112

CCV
-1.70Va + 68.35 (R² = 0.678)
-0.81Va+ 41.39 (R² = 0.153)
-1.96Va+ 85.48 (R² = 0.719)

Comparing Table 7.2 with Table 7.3, the general trend of measurement values changing
with air voids can also be identified. As the air void decreases, both CMV and CCV
increase. This means the increase of compaction efforts results in an increase of CMV and
CCV. As more compaction efforts are made, asphalt mixture becomes denser, resulting in
an increase in stiffness for asphalt mixture. From the above results, it seems that both CMV
and CCV are potential indicators of compaction properties for asphalt mixture. These
values correlate well with air voids. The changes of these values during compaction are in
agreement with that of stiffness.
Figure 7.13 illustrated the changing rate of air voids at each compaction stage. The
changing rate is expressed as the ratio of change of air void to compaction time. The three
compaction stages were determined in terms of CCV. It was found that stage 1 exhibited
the highest changing rate of air voids, whereas stage 3 exhibited the lowest. It was also
found that the changing rate between mixtures at stage 3 were almost identical. This means,
at stage 3, additional compaction efforts may not necessarily result in a decrease in air
voids or an increase in density. The compact properties for different asphalt mixture at
stage 3 tended to be identical.
Figure 7.13 also indicated the densification of asphalt mixture was mainly contributed
by the compaction efforts at stage 1. Although there is a fluctuation in stiffness, which is
represented by MV, during the compaction stage 2, the changes in density of asphalt
mixture is relative low comparing with that at stage 1. At stage 3, there is a stable change

Figure 7.13. Changing rates of air voids at each compaction stage
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of density for each mixture. However, the compaction efficiency is the lowest one
comparing with the former two stages. It should be noted that the air voids for D-mix
specimens were still above 12% at stage 3, while the changing rates of air void were only
0.13% per second. This means although D-mix specimen is under-compacted, additional
compaction efforts provide limited contribution to the increase of density. As mentioned
above, the lift thickness for D-mix is out of the optimum compaction thickness. In order to
increase the density of asphalt mixture, one may decrease the lift thickness of asphalt
mixture. However, it should also be pointed out that the shape of sample mold is also
responsible for the results. It is hard to compact and obtain sufficient compaction degree at
the edge and corner of a rectangle specimen. It is recommended that further tests be
conducted on cylindrical specimens to validate the findings from this study.

7.7 Limitations
In this study, the compactability of asphalt mixture was evaluated by vibratory compactor.
It should be noted that all the vibratory compaction tests were conducted under one vertical
pressure of 100 psi at one output frequency around 60 Hz. All the specimens were
compacted in the same rectangular mold. The results in this study may be subject to the
above test factors. Further studies are needed and recommended to investigate the influence
of these factors on the compatibility of asphalt mixture.

7.8 Conclusions
The compaction properties of asphalt mixture were investigated utilizing AVC. The onedimension accelerometer was employed to monitor the oscillation properties of the vibrator
based on which the response-derived stiffness properties of asphalt mixture were
characterized. Fourier Transform was employed to construct time-frequency spectrum of
acceleration. The stiffness properties of asphalt mixture during compaction were evaluated
by response-derived measurement values (CMV, RMV, and CCV) developed from IC
technology. The main conclusions were summarized as below:
1. The change in time-frequency spectrum indicated that the vibratory compaction
process can be classified into three different stages. At the first stage, the CMV or
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CCV gradually increases. At the second stage, there is a significant increase in
values with higher standard deviations. At the third stage, the measurement value
of asphalt mixture tended to be stable.
2. CMV seems more suitable to characterize the changes in stiffness properties of
asphalt mixture during compaction and was used for determining the compaction
stages in this study.
3. The final CMV for B-mix was the highest, followed by D-mix and OGFC both at
140 ℃ and 120 ℃, which was in agreement with the rank of the calculated modulus
of asphalt mixtures.
4. There was a significant increase in measurement values for asphalt mixture with
underlying layer during compaction comparing with the original values without
underlying layer, around 150 vs. 50 for CMV and 80 vs. 20 for CCV.
5. There was a linear relationship between air voids and measurement values with the
data from the second stage excluded. Most coefficients of determination were
greater than 0.5 for three mixtures using CMV and CCV.
6. The densification of asphalt mixture was mainly contributed by the compaction
efforts at stage 1, whereas additional compaction efforts at stage 3 may result in a
limited decrease in air voids.
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CHAPTER EIGHT
ECONOMIC ANALYSES
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In this study, economic analyses were included to show the financial benefits of IC
technology.

8.1 Introduction and Methodology
As a feature of IC rollers, reduced construction and maintenance costs have been reported
by the FHWA (76). Previous researches and the practices in this study revealed that IC
technology can have the following benefits in the overall quality of pavements (77):
– Providing a complete coverage of the compaction area,
– Achieving uniform compaction,
– Reducing the overall cost of construction and the life-cycle cost,
– Providing the quality results in real time and for later use in the pavement management.
Figure 8.1 shows the trends of the coefficient of variation of pass account and the
Sill and Range of semivariogram for the breakdown roller of the Knox county project
during the construction days. It can be observed that the coefficient of variation of pass
account fluctuated in the first six days, followed by a continuous decline when the average
of pass account remains the value of 3 for each day. Similar trend can also be observed
from the change of the Sill and Range of semivariogram in Figure 8.1 (b), which indicates
that the Range reached a longer and stable value on the sixth construction day with a decline
of Sill after that. As discussed in Chapter Six, longer range values indicate better spatial
continuity, and the sill for a semivariogram is approximately equal to the variance of the
data. A longer Range accompanied with a declined Sill demonstrates a more uniform
compaction. It should be noted that the roller operators from all six projects in Tennessee
were new to the IC technology, and this trend was not observed from the other projects. As
the only night project in this study, the roller operators from the Knox county project
seemed to more rely on the IC technology due to the adverse condition; therefore, the
advantage of it can be realized and utilized earlier.
However, limited cost-benefit data are available according to the result of a
literature review by Savan et. al (78). They also performed a survey to investigate the
current knowledge of IC among professionals. According to their survey, several DOTs
were in the process of implementing or considering IC; however, the amount of data on
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costs is very limited. Ten respondents of the survey reported an increase in construction
related costs when using IC; however, this increase can be associated with the training for
roller operators and being unable to take advantage of economies of scale. Long-term
benefit and cost data were less available for this survey.
In this study, a benefit-cost analysis will be performed to systematically evaluate
the economic benefits of IC based on two separate periods: Construction Cycle Cost and
Roadway Life Cycle Cost. The differences between the conventional and intelligent
compaction types was analyzed and compared for each time period.
8.1.1 Construction cycle cost
The construction cycle begins with the preparations for conducting pavement compaction
and ends at the completion of QC/QA testing. This includes the costs for rollers, labor to
operate the rollers, and conducting QC/QA testing. The cost for a new IC roller is about 3
to 5 percent more than the cost of a conventional roller, and the cost of retrofitting an IC
system on a conventional roller ranges from $50,000 to $75,000, depending on the
manufacturer and desired features (2).
Conventional compaction refers to any method of roadway compaction using a
conventional roller. QC/QA data for conventional compaction is obtained by in-situ field
tests. As a comparison, IC compaction indicates the use of a IC roller. QC/QA data is not
obtained from the roller other than in-situ field tests.
For conventional compaction, construction costs regarding roller equipment and labor

(a) coefficient of variation

(b) the Sill and Range

Figure 8.1. The change of IC data for the night project
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are obtained using pricing data from Savan et. al as a reference (78). The costs are set as
an hourly rate as shown in Table 8.1 so that they can be used for different projects in this
study. The amount of time for the conventional compaction to complete the projects in this
study needs to be estimated since that all projects in this study actually used IC rollers.
According to an observation by Briaud and Seo who compared the number of roller passes
to conventional rollers (79), a 30 percent increase in the number of hours was adopted for
conventional compaction. The actual compaction hours using IC rollers were gathered
using the IC recording. The QC/QA costs are another part of the total construction cost. In
this study, the QC/QA costs were decided according to the research of Savan et. al in a unit
area rate as shown in Table 8.1. For the conventional compaction, the in-situ field tests as
QC/QA data will continue until the finish of the project, so the total QC/QA costs equal the
unit area rate multiplying the area of the project. The construction costs for conventional
compaction will be calculated using the equation as follows:
𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 = 𝐶𝑜𝑚𝑝𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ∗ (𝑅𝑜𝑙𝑙𝑒𝑟 +
𝑂𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟) + 𝑄𝐶/𝑄𝐴𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 ∗ 𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎

(8-1)

For IC compaction, construction costs were calculated based on the actual
construction time and the cost of an IC roller. In this study, each project had an Intelligent
Compaction Bid Price which gave the specific cost of retrofitting IC systems on
conventional rollers. However, this retrofitting cost should be considered as a long-term
investment which will benefit the other projects in the future. Assuming that the IC roller
has an average service life of 10 years and 500 work hours in a year, the additional cost of
IC roller for a specific project should be based on the ratio between the work hours of this
project and the total possible work hours of roller (5000 hours). One benefit of IC
compaction is a reduction of QC/QA costs comparing to the conventional compaction. By
providing a method to gather compaction data for 100 percent of the pavement, the QC/QA
point tests for IC are limited to the test section in which point test results are calibrated
with the ICMVs, and the compaction quality of the rest of construction area can be
monitored using the target ICMV and no further in-situ point tests are needed. Therefore,
the construction costs for IC compaction can be calculated using the equation as follows:
𝐶𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 = 𝐶𝑜𝑚𝑝𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ∗ (𝑅𝑜𝑙𝑙𝑒𝑟 +
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𝑂𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟) + 𝐼𝐶 𝑟𝑒𝑡𝑟𝑜𝑓𝑖𝑡𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 ∗ 𝐶𝑜𝑚𝑝𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒/
𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑙𝑖𝑓𝑒 𝑜𝑓 𝑟𝑜𝑙𝑙𝑒𝑟 + 𝑄𝐶/𝑄𝐴𝑢𝑛𝑖𝑡 𝑐𝑜𝑠𝑡 ∗ 𝑇𝑒𝑠𝑡 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎

(8-2)

The input data for benefit-cost analysis are shown in Table 8.1.
8.1.2 Roadway lifecycle cost
As one of the largest benefits, IC can provide a more uniform compaction. To evaluate the
effects of compaction uniformity on pavement performance, Xu et al. used threedimensional finite element model and the mechanistic empirical pavement design guide
(MEPDG) model to estimate pavement performances in terms of rutting and fatigue life
based on the Bomag IC roller (80). It was found that the mean value of fatigue lives for the
heterogeneous pavement model is 38.2% of those for the uniform pavement model. In other
words, if the pavement life is determined by its fatigue life, a uniform pavement achieved
using IC roller will have more than twice the fatigue life of a pavement compacted by a
conventional roller. In order to calculate the benefit from using IC, the total costs of projects
in this study were acquired from TDOT. The regular service life for asphalt overlay using
conventional compaction in Tennessee is between 10 to 12 years; therefore, the cost of
resurfacing per year for the conventional compaction should be the total costs of projects
divided by the remaining service life (10 years in this study). The service life of asphalt
resurfacing using IC compaction should be decided based on the field observation and
testing. However, all the projects using IC compaction in Tennessee were finished less than
four years and no service life data about the IC compaction is available now. According to
the research of Xu et al. (80), the service life of the resurfacing project using IC compaction
may be extended up to 2.6 times of that with conventional compaction. However, it should
Table 8.1. Input data for benefit-cost analysis, after (78)
Item

Unit cost (US$)/quantity

QC/QA per square meter

$ 0.04784

Conventional roller cost per hour

$ 36

Roller operator per hour

$ 30
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be noted that the suggested service life for IC compaction was obtained from one study
only (78), and the oxidation process is inevitable and more serious for the surface layer.
The service life of the resurfacing project is hard to estimate accurately. Therefore, a
sensitivity analysis will be presented later to illustrate the effect of different service lives
on associated lifecycle cost savings.

8.2 Case Studies
To illustrate the economic benefit of IC technology, four resurfacing projects in this study
were utilized to perform the benefit-cost analysis. Table 8.2 contains the data obtained
from TDOT and the IC record, which will be used for the analysis.
8.2.1 Construction cycle cost
As discussed before, the construction cycle begins with the preparations for conducting
pavement compaction and ends at the completion of QC/QA testing. This includes the costs
for rollers and QC/QA tests.
For conventional compaction, using the unit costs in Table 8.1, and the total areas
for QC/QA testing are calculated using the lane length in Table 11.2 and a lane width of
3.7 m. A 30 percent increase in the number of hours was applied for conventional
compaction as shown in Table 8.2 is. By using Equation 8-1, the construction cycle costs
for four projects were calculated as shown in Table 8.3. The roller cost includes both the
breakdown roller and the intermediate roller since usually these two rollers were retrofitted
with IC equipment in this study.
Table 8.2. Project data for benefit-cost analysis.
Project

Contract

No

Number

1

CNM194

2

County

Lane

Miles IC

Total Contract IC Bid Price

Paved

hours

Amount

Crockett

33.56

81

$4,229,507.61

$55,000.00

CNM278

Lincoln

25.5

63

$1,689,998.68

$112,620.00

3

CNM201

Hamilton

12.95

51

$1,673,709.32

$27,085.95

4

CNM165

Knox

21.72

45

$1,527,093.85

$31,580.11
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For IC compaction, construction costs were calculated based on the actual
construction time and the cost of an IC roller using Equation 8-2. The IC compaction time
is shown in Table 8.2. The IC retrofitting cost is the IC bid price in Table 8.2, which will
be prorated to the cost of project according to the compaction time and the service life of
the roller. The QC/QA costs for IC was calculated using the test section area. For example,
project 3 used a test strip around 1 km in length to calibrate the NG tests with the ICMVs.
The test section area for four projects were calculated by multiplying a length of 1 km and
a lane width of 3.7 m. By using Equation 8-2, the construction cycle costs for four projects
using IC technology were calculated as shown in Table 8.3.
As shown in Table 8.3, when comparing the construction cost between conventional
compaction and Intelligent compaction, the roller cost for Intelligent compaction is less
than that of conventional compaction for all projects due to an improvement of compaction
efficiency. There is an additional retrofitting cost for intelligent compaction; however, a
total roller cost including the retrofitting cost for Intelligent compaction is still less than
the roller cost for conventional compaction. The main cost difference between conventional
compaction and Intelligent compaction lies in the QC/QA cost since that the QC/QA tests
should cover the whole compaction area for conventional compaction, whereas they were
only performed on the test section for Intelligent compaction. As shown in Table 8.3, the
total construction cost for Intelligent compaction is about half of that for conventional
Table 8.3. Construction cost for conventional and Intelligent compaction.
No

Conventional

compaction Intelligent compaction

Cost

(US$)

ratio

(US$)
Roller

QC/QA

Total

Roller

Retrofitting

QC/QA

Total

cost

cost

cost

cost

cost

cost

cost

1

13899.6

9558.1

23457.7

10692.0

891.0

177.0

11760

0.50

2

10810.8

7262.5

18073.3

8316.0

1419.0

177.0

9912.0

0.55

3

8751.6

3688.2

12439.8

6732.0

276.3

177.0

7185.3

0.58

4

7722.0

6186.0

13908.0

5940.0

284.2

177.0

6401.2

0.46
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compaction. It should be noted that the assumption of IC efficiency was based on one study.
Figure 8.2 demonstrates the change of cost ration for the projects corresponding to a
changing IC efficiency from 0% to 30%. It can be observed that even under the most
unfavorable situation with 0% construction time saving of IC roller, the cost ratio between
the intelligent and the conventional compaction is under 0.7 for all the projects since the
QC/QA cost remains the same.
8.2.2 Roadway lifecycle cost
As for Intelligent compaction, the total costs of four projects were calculated by adding the
total contract amount and the IC bid price in Table 8.2. Then the total cost was divided by
the service life to obtain the cost per year. As mentioned before, the service life using
conventional compaction was ten years; however, the service life using intelligent
compaction may be increased up to 26 years according to the research of Xu et al. (80).
Therefore, the total cost for intelligent compaction was divided by 26 years to yield the
annual cost for IC. For conventional compaction, the total cost can be considered
equivalent to the total contract amount in Table 8.2. There is a difference for QC/QA costs
between conventional compaction and intelligent compaction as shown in Table 8.3;
however, the QC/QA costs is negligible in the total cost, and no further adjustment for the

Figure 8.2. The cost ratio based on IC efficiency
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QC/QA cost was performed. The total cost for conventional compaction was divided by
ten years to yield the annual cost as shown in Table 8.4.
As shown in Table 8.4, the cost savings for IC compaction is significant for all four
projects when assuming the maximum service life extension. However, this suggested
increase in service life was obtained from one study only, and the oxidation process is more
serious for the surface layer. Therefore, a sensitivity analysis was conducted to illustrate
the effect of different service lives on associated lifecycle cost savings. Figure 8.3 shows
the lifecycle cost savings based on changing service life multipliers from using IC. As
shown in Figure 8.3, following an increase of service life by using IC, the annual cost
savings for all four resurfacing projects increase. The multiplier of 2.6 times the service
life for project 1 produces an annual cost savings of US$ 258162. A 1.5 times improvement
for the same project results in an annual savings of US$ 137316. When the service life of
pavement using IC is the same as the one using conventional compaction, the annual cost
saving for project 1 has a negative value of US$ 5500 due to the extra IC retrofitting cost.
The same trend exists for the other projects.
Table 8.4. Lifecycle cost for conventional and Intelligent compaction.
Project
1
2
3
4

Conventional compaction cost per Intelligent compaction cost per
year (US$)
year (US$)
422950.8
164788.8
168999.9
69331.49
167370.9
65415.2
152709.4
59949

Figure 8.3. Lifecycle cost saving based on service life improvement from IC
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8.3 Summary
The performance of a pavement is related to the quality of the compaction. Conventional
compaction and testing methods are insufficient for evaluating the compaction quality,
whereas IC can provide both a more uniform compaction and a method to increase QC/QA
testing coverage to 100 percent.
In this study, benefit-cost analysis was performed to systematically evaluate the
economic benefits of IC. The benefit-cost analysis in this study demonstrated a nearly 50%
decrease in construction costs for all four projects when using IC. The increased service
life from using IC was determined based on increased compaction uniformity, which
resulted in a significant annual cost savings for all projects. However, it should be noted
that the assumption of IC efficiency and the suggested service life for IC compaction was
based on one study, and the applicability of the analysis for the projects in Tennessee should
be investigated in the future.
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CHAPTER NINE
CONCLUSIONS AND RECOMMENDATIONS
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In this study, a total of six asphalt mixture projects and one soil project were constructed
to evaluate the IC technologies for various construction materials. All asphalt mixture
projects were performed in Tennessee, and the soil project was finished in China to provide
additional data for soil compaction.
Three different in-situ testing methods including Portable Soil Moisture Meters,
Core cutter method, and FWD were employed to evaluate the correlation between in-situ
soil tests and ICMVs, whereas four in-situ and laboratory testing methods, including NG
and core density, permeability, and IDT test, were employed to evaluate the relationship
between physical and mechanical properties of asphalt mixture and ICMVs. Simple linear
and multiple linear regression analyses was performed to develop correlations between
ICMVs and various in-situ test results. Geostatistical semivariogram analysis was
performed on spatially referenced ICMVs to evaluate the spatial uniformity of IC
measurements and to quantify the compaction quality of soil and asphalt mixtures. The
original Witczak model and the multilayer pavement analysis software BISAR were
employed to calculate the displacements of the newly constructed asphalt layer and
underlying layers under a vibratory roller. Based on the results of the laboratory and onsite tests, the following conclusions can be summarized:
1. For soil compaction, water content of soil had a significant effect on CMV value. A
strong and stable linear relationship could be identified between CMV and deflection
of soil layer when water content of soil was consistent.
2. For asphalt compaction, a significant linear relationship could be established between
CMV and roller vibration amplitude among the operation parameters for Project 3,
which provides a basis for adjusting CMV value. The adjustment of CMV and the
rising RMV value could help identify the over-compacted area and the optimum pass
number.
3. A theoretical analysis showed that the difference in 1/CMV of the same point could
filter the effect of underlying support on CMV and reflect the changes in compaction
degree of the newly placed asphalt resurfacing layer.

127

4. There was a strong correlation between the difference in 1/CMV and core density for
Project 3, while no correlation could be found between the original CMV and core
density. However, no similar correlation could be identified for asphalt base layer
(Project 6), mainly due to the properties of the asphalt layer and the stiffness of the
underlying layers. The fact that CMV is sensitive to road modulus indicates that it is
not suitable for evaluating the compaction level of asphalt base layer.
5. For asphalt core tests, the density of the cores from all projects showed a strong
correlation with the permeability and IDT strength; whereas, the permeability of core
samples correlated well with IDT strength for most projects. As the most important
factor among IC parameters for asphalt compaction, the starting surface temperature
of the breakdown roller had a stable and significant relationship with core densities for
all projects.
6. Based on the core test results, it is recommended that three IC parameters be selected
for evaluating the compaction quality of the resurfacing project: the difference in
1/CMV, the starting surface temperature of compaction (>110℃), and the total number
of passes (>2 passes).
7. Compared with conventional quality control methods, the geostatistical analysis is
capable of evaluating the spatial uniformity and identifying the weak locations during
compaction. On the other hand, the measurement depth of ICMV and its relationship
with the roller operation parameters should be taken into account during the analysis.
In general, the geostatistical method can serve as a supportive tool for evaluating the
compaction quality with IC technology.
8. The IC compaction of asphalt mixture was simulated by utilizing AVC in the laboratory.
A one-dimension accelerometer was employed to monitor the oscillation properties of
the vibrator, based on which the response-derived stiffness properties of asphalt
mixture were characterized. The stiffness properties of asphalt mixture during
compaction were evaluated with response-derived measurement values (CMV, RMV,
and CCV), and linear relationships could be found between air voids and measurement
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values.
9. Benefit-cost analysis was performed to systematically evaluate the economic benefits
of IC. Two specific cycle costs were developed based on costs for construction of a
pavement and savings from improved compaction uniformity over the pavement
lifecycle. The benefit-cost analysis indicated a nearly 50% reduction in construction
costs for all four projects using IC. The increased service life resulting from using IC
was determined based on increased compaction uniformity, which led to a significant
annual cost saving for all projects.

The following were recommended for future studies:
10. To improve the understanding of IC for asphalt compaction application, more future
studies are needed. For example, the plastic deformation of compaction layer should
be considered when performing a theoretical analysis on CMV value. Also, further
research should be performed to define a more appropriate index of IC to reveal the
compaction level of asphalt layer in the future.
11. It is also recommended that IC data be incorporated into a pavement management
system (PMS) so that long term benefits of IC technology may be identified in the
future.

129

LIST OF REFERENCES

130

[1] AASHTO. Hot-Mix Asphalt Paving Handbook. American Association of State
Highway and Transportation Officials (AASHTO), PO Box, Vol. 96716, No. 20090-6716,
2001.
[2] Nieves, A. Intelligent Compaction.In, 2013.
[3] Mooney, M., and D. Adam. Vibratory roller integrated measurement of earthwork
compaction: An overview.In Proceedings of 7th International Symposium on Field
Measurements in Geomechanics-FMGM 2007, 2007.
[4] Mooney, M. A. Intelligent soil compaction systems. Transportation Research Board,
2010.
[5] Thurner, H., and Å. Sandström. A new device for instant compaction control.In
Proceedings of International Conference on Compaction, No. 2, 1980. pp. 611-614.
[6] Forssblad, L. Compaction meter on vibrating rollers for improved compaction
control.In Proceedings of International Conference on Compaction, No. 2, 1980. pp. 541546.
[7] Kröber, W., R. Floss, and W. Wallrath. Dynamic soil stiffness as quality criterion for
soil compaction. Geotechnics for roads, rail tracks, and earth structures, 2001, pp. 188199.
[8] Anderegg, R., and K. Kaufmann. Intelligent compaction with vibratory rollers:
Feedback control systems in automatic compaction and compaction control.
Transportation Research Record: Journal of the Transportation Research Board, No.
1868, 2004, pp. 124-134.
[9] Scherocman, J. A., S. Rakowski, and K. Uchiyama. Intelligent compaction, does it
exist?In PROCEEDINGS OF THE ANNUAL CONFERENCE-CANADIAN TECHNICAL
ASPHALT ASSOCIATION, No. 52, Polyscience Publications; 1998, 2007. p. 373.
[10] Sandström, Å. Numerical simulation of a vibratory roller on cohesionless soil.
Geodynamik report, Stockholm, 1994, p. 22.
[11] Mallick, R. B., and T. El-Korchi. Pavement engineering: principles and practice.
CRC Press, 2013.
[12] White, D. J., and M. J. Thompson. Relationships between in situ and rollerintegrated compaction measurements for granular soils. Journal of geotechnical and
geoenvironmental engineering, Vol. 134, No. 12, 2008, pp. 1763-1770.
[13] Sandström, A., and C. Pettersson. Intelligent systems for QA/QC in soil
compaction.In Proc., 83rd Annual Transportation Research Board Meeting, 2004. pp.
11-14.
[14] Thurner, H., and A. Sandstrom. Continuous compaction control, CCC.In European
Workshop Compaction of Soils and Granular Materials, Presses Ponts et Chaussées,
Paris, France, 2000. pp. 237-246.
[15] Adam, D., and F. Kopf. Operational devices for compaction optimization and quality
control (continuous compaction control & light falling weight device).In, Proceedings of
the International
Seminar on Geotechnics in Pavement and Railway Design and
Construction, Athens, Greece, 2004. pp. 97-106.
[16] Brandl, H., and D. Adam. Sophisticated continuous compaction control of soils and
granular materials.In PROCEEDINGS OF THE INTERNATIONAL CONFERENCE ON
131

SOIL MECHANICS AND FOUNDATION ENGINEERING-INTERNATIONAL SOCIETY
FOR SOIL MECHANICS AND FOUNDATION ENGINEERING, No. 1, AA BALKEMA,
1997. pp. 31-36.
[17] White, D. J., P. Vennapusa, and M. J. Thompson. Field validation of intelligent
compaction monitoring technology for unbound materials. 2007.
[18] Anderegg, R., D. A. von Felten, and K. Kaufmann. Compaction monitoring using
intelligent soil compactors.In Proc. Geo-Congress, 2006.
[19] FHWA. Accelerated implementation of intelligent compaction technology for
embankment subgrade soils, aggregate base, and asphalt pavement materials—final
report. Publication No.FHWA-IF-12-002, 2011.
[20] Thurner, H. Quality Assurance and Self Control in Road Construction Advanced
Measurement Technology.In Proc. 4th International Symposium “Infrastructure
Construction Systems and Technologies”, Munich, Bauma, 2001.
[21] Commuri, S., A. T. Mai, and M. Zaman. Neural network–based intelligent
compaction analyzer for estimating compaction quality of hot asphalt mixes. Journal of
Construction Engineering and Management, Vol. 137, No. 9, 2011, pp. 634-644.
[22] White, D. J., P. Vennapusa, H. Gieselman, J. Zhang, R. Goldsmith, L. Johanson, and
S. Quist. Accelerated implementation of intelligent compaction technology for
embankment subgrade soils, aggregate base, and asphalt pavement materials. 2008.
[23] Zhu, X., S. Bai, G. Xue, J. Yang, Y. Cai, W. Hu, X. Jia, and B. Huang. Assessment
of compaction quality of multi-layer pavement structure based on intelligent compaction
technology. Construction and Building Materials, Vol. 161, 2018, pp. 316-329.
[24] Hu, W., X. Shu, X. Jia, and B. Huang. Geostatistical analysis of intelligent
compaction measurements for asphalt pavement compaction. Automation in
Construction, Vol. 89, 2018, pp. 162-169.
[25] Hu, W., X. Shu, B. Huang, and M. E. Woods. An examination of compaction meter
value for asphalt pavement compaction evaluation. International Journal of Pavement
Engineering, Vol. 19, No. 5, 2018, pp. 447-455.
[26] Hu, W., X. Shu, X. Jia, and B. Huang. Recommendations on Intelligent Compaction
Parameters for Asphalt Resurfacing Quality Evaluation. Journal of Construction
Engineering and Management, Vol. 143, No. 9, 2017, p. 04017065.
[27] Hu, W., X. Shu, B. Huang, and M. Woods. Field investigation of intelligent
compaction for hot mix asphalt resurfacing. Frontiers of Structural and Civil
Engineering, Vol. 11, No. 1, 2017, pp. 47-55.
[28] Hu, W., X. Jia, B. Huang, and H. Park. Evaluation of compactability of asphalt
mixture utilizing asphalt vibratory compactor. Construction and Building Materials, Vol.
139, 2017, pp. 419-429.
[29] Hu, W., B. Huang, X. Shu, and M. Woods. Utilising intelligent compaction meter
values to evaluate construction quality of asphalt pavement layers. Road Materials and
Pavement Design, Vol. 18, No. 4, 2017, pp. 980-991.
[30] Mooney, M. A., R. V. Rinehart, N. W. Facas, O. M. Musimbi, D. J. White, and P. K.
Vennapusa. Intelligent Soil Compaction Systems.In, 2010.

132

[31] Chang, G., Q. Xu, J. Rutledge, B. Horan, L. Michael, D. White, and P. Vennapusa.
Accelerated implementation of intelligent compaction technology for embankment
subgrade soils, aggregate base, and asphalt pavement materials.In, 2011.
[32] Floss, R., G. Bräu, and M. Gahbauer. Dynamische Verdichtungsprüfung bei Erd-und
Straßenbauten. Forschung Straßenbau und Straßenverkehrstechnik, No. 612, 1991.
[33] Hanifa, K., M. Y. Abu-Farsakh, and G. P. Gautreau. Design Values of Resilient
Modulus for Stabilized and Non-Stabilized Base.In, Louisiana Transportation Research
Center, 2015.
[34] Beainy, F., S. Commuri, M. Zaman, and I. Syed. Viscoelastic-plastic model of
asphalt-roller interaction. International Journal of Geomechanics, Vol. 13, No. 5, 2013,
pp. 581-594.
[35] Adam, D., and F. Kopf. Operational devices for compaction optimization and
quality control (continuous compaction control & light falling weight device). na, 2004.
[36] Andrei, D., M. Witczak, and M. Mirza. Development of a revised predictive model
for the dynamic (complex) modulus of asphalt mixtures. Development of the 2002 Guide
for the Design of New and Rehabilitated Pavement Structures, NCHRP, 1999.
[37] Anderegg, R., and K. Kaufmann. Intelligent compaction with vibratory rollers:
Feedback control systems in automatic compaction and compaction control.
Transportation Research Record: Journal of the Transportation Research Board, Vol.
1868, No. 1, 2004, pp. 124-134.
[38] Wiser, L. LTPP Computed Parameter: Dynamic Modulus.In, 2010.
[39] Farrar, M., P. Harnsberger, K. Thomas, and W. Wiser. Evaluation of oxidation in
asphalt pavements test sections after four year of service.In International Conference on
Perpetual Pavement. Western Research Institute, 2006.
[40] Žilioniene, D., M. De Luca, and G. Dell'Acqua. EVALUATION OF CLIMATIC
FACTORS BASED ON THE MECHANISTIC-EMPIRICAL PAVEMENT DESIGN
GUIDE. Baltic Journal of Road & Bridge Engineering, Vol. 8, No. 3, 2013.
[41] DOT. Intelligent Compaction Technology for Asphalt Applications. 2014.
[42] Hu, W., B. Huang, X. Shu, and M. Woods. Utilising intelligent compaction meter
values to evaluate construction quality of asphalt pavement layers. Road Materials and
Pavement Design, 2016, pp. 1-12.
[43] Caltrans. Replace section 39-8 with: 39-8 INTELLIGENT COMPACTION FOR
HOT MIX ASPHALT. 2015.
[44] Vennapusa, P. K., D. J. White, and M. D. Morris. Geostatistical analysis for spatially
referenced roller-integrated compaction measurements. Journal of Geotechnical and
Geoenvironmental Engineering, Vol. 136, No. 6, 2009, pp. 813-822.
[45] Dondi, G., C. Sangiorgi, and C. Lantieri. Applying Geostatistics to Continuous
Compaction Control of Construction and Demolition Materials for Road Embankments.
Journal of Geotechnical and Geoenvironmental Engineering, Vol. 140, No. 3, 2013, p.
06013005.
[46] Aiban, S., and D. Znidarčić. Evaluation of the flow pump and constant head
techniques for permeability measurements. Geotechnique, Vol. 39, No. 4, 1989, pp. 655666.
133

[47] Mamlouk, M. S., J. P. Zaniewski, and X. Peng. Materials for civil and construction
engineers. Pearson Prentice Hall, 2006.
[48] Praticò, F., and A. Moro. In-lab and on-site measurements of hot mix asphalt
density: Convergence and divergence hypotheses. Construction and Building Materials,
Vol. 25, No. 2, 2011, pp. 1065-1071.
[49] MnDOT. QUALITY MANAGEMENT - PAVER MOUNTED INFRARED
TEMPERATURE EQUIPMENT FOR THERMAL PROFILES. 2014.
[50] Gringarten, E., and C. V. Deutsch. Teacher's aide variogram interpretation and
modeling. Mathematical Geology, Vol. 33, No. 4, 2001, pp. 507-534.
[51] Yarus, J. M., and R. L. Chambers. Practical geostatistics-an armchair overview for
petroleum reservoir engineers. Journal of Petroleum Technology, Vol. 58, No. 11, 2006,
pp. 78-86.
[52] Olea, R. A. A six-step practical approach to semivariogram modeling. Stochastic
Environmental Research and Risk Assessment, Vol. 20, No. 5, 2006, pp. 307-318.
[53] Thompson, M., and D. White. Field calibration and spatial analysis of compactionmonitoring technology measurements. Transportation Research Record: Journal of the
Transportation Research Board, 2007.
[54] Gallivan, V. L., G. K. Chang, and D. R. Horan. Intelligent compaction for improving
roadway construction.In GeoHunan International Conference 2011, 2011.
[55] Xu, Q., and G. K. Chang. Evaluation of intelligent compaction for asphalt materials.
Automation in Construction, Vol. 30, 2013, pp. 104-112.
[56] Xu, Q., G. K. Chang, and V. L. Gallivan. Development of a systematic method for
intelligent compaction data analysis and management. Construction and Building
Materials, Vol. 37, 2012, pp. 470-480.
[57] Isaaks, E. H., and R. M. Srivastava. An introduction to applied geostatistics. 1989.
[58] Cressie, N. The origins of kriging. Mathematical geology, Vol. 22, No. 3, 1990, pp.
239-252.
[59] Nazarian, S., M. Mazari, G. Chang, R. Aldouri, and J. Beltran. Intelligent
Compaction Roller Retrofit Kit Validation.In, 2015.
[60] Leiva, F., and R. West. Analysis of hot-mix asphalt lab compactability using lab
compaction parameters and mix characteristics. Transportation Research Record:
Journal of the Transportation Research Board, No. 2057, 2008, pp. 89-98.
[61] Consuegra, A., D. N. Little, H. Von Quintus, and J. L. Burati Jr. Comparative
evaluation of laboratory compaction devices based on their ability to produce mixtures
with engineering properties similar to those produced in the field. Transportation
Research Record, No. 1228, 1989, pp. 80-87.
[62] Khan, Z. A., H. I. A.-A. Wahab, I. Asi, and R. Ramadhan. Comparative study of
asphalt concrete laboratory compaction methods to simulate field compaction.
Construction and Building Materials, Vol. 12, No. 6, 1998, pp. 373-384.
[63] Peterson, R. L., K. C. Mahboub, R. M. Anderson, E. Masad, and L. Tashman.
Comparing Superpave gyratory compactor data to field cores. Journal of Materials in
Civil Engineering, Vol. 16, No. 1, 2004, pp. 78-83.

134

[64] Chen, J., B. Huang, and X. Shu. Air-void distribution analysis of asphalt mixture
using discrete element method. Journal of Materials in Civil Engineering, Vol. 25, No.
10, 2012, pp. 1375-1385.
[65] Chen, J., B. Huang, F. Chen, and X. Shu. Application of discrete element method to
Superpave gyratory compaction. Road Materials and Pavement Design, Vol. 13, No. 3,
2012, pp. 480-500.
[66] Chen, J., B. Huang, X. Shu, and C. Hu. DEM Simulation of Laboratory Compaction
of Asphalt Mixtures Using an Open Source Code. Journal of Materials in Civil
Engineering, Vol. 27, No. 3, 2014.
[67] Faheem, A., H. Bahia, and H. Ajideh. Estimating results of a proposed simple
performance test for hot-mix asphalt from Superpave gyratory compactor results.
Transportation Research Record: Journal of the Transportation Research Board, No.
1929, 2005, pp. 104-113.
[68] Bahia, H. U., and A. F. Faheem. Using the Superpave gyratory compactor to
estimate rutting resistance of hot-mix asphalt. Transportation Research E-circular,
Transportation Research Board, Washington, DC, 2007, pp. 45-61.
[69] Prowell, B. D., and E. R. Brown. Superpave mix design: verifying gyration levels in
the Ndesign table. Transportation Research Board, 2007.
[70] Aurilio, V., W. Pine, and P. Lum. The Bailey Method Achieving Volumetrics and
HMA Compactability.In Proceedings of The Annual Conference-Canadian Technical
Asphalt Association, No. 50, Polyscience Publications; 1998, 2005. p. 159.
[71] Vavrik, W. R. Asphalt mixture design concepts to develop aggregate interlock.In,
University of Illinois at Urbana-Champaign, 2000.
[72] Commuri, S., and M. Zaman. A novel neural network-based asphalt compaction
analyzer. International Journal of Pavement Engineering, Vol. 9, No. 3, 2008, pp. 177188.
[73] Sebesta, S., J. P. Harris, and W. Liu. Improving Lab Compaction Methods for
Roadway Base Materials.In, 2008.
[74] Von Quintus, H. L., C. Rao, B. Bhattacharya, H. Titi, and R. English. Evaluation of
intelligent compaction technology for densification of roadway subgrades and structural
layers. Submitted to the Wisconsin Highway Research Program (WHRP), Draft Final
Report, 2010.
[75] Andrei, D., M. Witczak, and M. Mirza. Development of Revised Predictive Model
for the Dynamic Complex Modulus of Asphalt Mixtures (NCHRP 1-37A).In, University
of Maryland, College Park, Maryland, 2005.
[76] Savan, C. M., K. W. Ng, and K. Ksaibati. Implementation of Intelligent Compaction
Technologies for Road Constructions in Wyoming.In, 2015.
[77] Beainy, F., S. Commuri, and M. Zaman. Quality assurance of hot mix asphalt
pavements using the intelligent asphalt compaction analyzer. Journal of Construction
Engineering and Management, Vol. 138, No. 2, 2011, pp. 178-187.
[78] Savan, C. M., K. W. Ng, and K. Ksaibati. Benefit-cost analysis and application of
intelligent compaction for transportation. Transportation Geotechnics, Vol. 9, 2016, pp.
57-68.
135

[79] Briaud, J.-L., and J. Seo. Intelligent compaction: overview and research needs.
Report to the Federal Highway Administration, 2003.
[80] Xu, Q., G. K. Chang, V. L. Gallivan, and R. D. Horan. Influences of intelligent
compaction uniformity on pavement performances of hot mix asphalt. Construction and
Building Materials, Vol. 30, 2012, pp. 746-752.

136

VITA

Wei Hu was born in Huaian, Jiangsu Province, China in 1973. He received a
bachelor’s Degree in Civil Engineering from Southeast University, China in 1995, and he
had his master's degree in civil engineering from the same university in 2003. In May
2013, he joined the Department of Civil and Environmental Engineering in the University
of Tennessee at Knoxville (UTK) to pursue the Ph. D. degree. During his stay in UTK, he
extended his research area to pavement materials and construction.

137

